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Corals in Hong Kong waters expenence fluctuating environmental conditions 
throughout the year with higher seawater temperature and higher solar radiance in 
summer, compared with contrasting cold-water temperature and low levels in the 
winter .. This marginal environment poses severe challenges to the coral growth and 
survival. Yet, information regarding the mechanism driving the stability of the coral-
algal symbiosis in Hong Kong is limited. In this study, the potential linkages between 
variation in environmental factors (mainly seawater temperature, salinity and solar 
radiation) and in photophysiological parameters (symbiotic algal density, chlorophyll 
content (chlorophyll a and c2), and photosynthetic capacity) in two dominant Hong 
Kong corals Platygyra acuta and Porites lutea were investigated. The phylogenetic 
information on Symbiodinium associated with Platygyra acuta was also examined 
based on restriction fragment length polymorphism (RFLP). 
Seasonal photophysiological variations of algal symbionts in Platygyra acuta and 
Porites lutea were monitored from October 2006 to June 2008 at A Ye Wan and A 
Ma Wan in Tung Ping Chau Marine Park. Investigation on their zooxanthellae 
density and pigment contents throughout the 21 months sampling period revealed no 
significant bleaching in these corals. Significant temporal variations in the 
zooxanthellae density (from 2 x 106 to 10 x 106 cells cm·2 of coral surface area) for 
both species were recorded. Algal chlorophyll contents were generally maximal in 
winter and minimal in summer. In-situ measurement of effective quantum yield using 
diving-PAM on the studied corals showed the photosynthetic yield to be relatively 
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higher during summer to fall (June to November 2007) than in winter (February 
2008). Seasonal variations in solar radiation and seawater temperature correlated 
with seasonal changes in algal chlorophyll contents but not in algal densities. Rising 
seawater temperature and increasing rainfall in summer triggered reduction in algal 
chlorophyll contents and increase in photosynthetic yield. P. acuta showed no signs 
of coral bleaching during the prolonged period of low seawater temperature 1n 
February 2008 compared with the appearance of pale colour in P. lutea. 
Molecular phylotyping showed that Symbiodinium clade C to be the dominant 
zooxanthellae associated with P. acuta irrespective of their location (i.e., top or 
shaded region) in the coral host. Symbiodinium clade C formed a stable association 
with this coral host over the sampling period. This result supported the earlier finding 
that Symbiodinium clade C is the major clade of zooxanthellae associated with 
scleractinian corals in the Pacific. 
This study highlighted the importance of the interaction of different physical 
environmental factors on the stability of coral-algal symbiosis and the difference in 
susceptibility of coral species towards environmental stresses. The results also 
provided useful information that can be incorporated in managing the vulnerable 
coral communities especially during times of rapid global climate changes. This 
study also revealed the need for population survey of more coral species in Hong 
Kong for better understanding of how the coral-algal symbiosis could cope with 
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1.1 Introduction 




Coral reef is essentially massive deposits of calcium carbonate produced by corals 
that dominates the shallow tropical water regions between 30°S and 30°N (Lesser 
2004 ). It is one of the most productive ecosystems in waters that are very low in 
nutrients needed for primary production (Hoegh-Guldberg 1999). Reef-building 
corals (Phylum Cnidaria, class Anthozoa, order Scleractinia), also known as 
hermatypic corals because of the presence of symbiotic zooxanthellae living inside 
their tissue, are responsible for the three-dimensional framework of the coral reef 
system. There are several physical and environmental factors that limit the formation 
of coral reefs, for examples, temperature, water depth, irradiance, salinity, 
sedimentation and emergence to air. 
Coral reefs dominate the coastal tropical environments with water temperatures 
between 18 °C and 30 °C. Below 18 oc (generally at latitudes greater than 30°), the 
number of reef-building coral species declines rapidly and reefs are not formed 
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(Hoegh-Guldberg 1999). The formation of reefs is also restricted by the depth of 
waters where reef-building corals are found, generally within the top 1 OOm of 
tropical oceans. The depth limitation of coral reefs is related to the requirement of 
light for photosynthetic activity by the symbiotic algae inside the hermatypic coral 
tissues. Reef-building corals are true marine organisms and they exist naturally at 
salinities that range from 32 to 40 ppt (Hoegh-Guldberg 1999). Sedimentation is 
found to have an adverse effect on the corals by reducing the light transmission in the 
water column or by smothering the corals. Long period exposure to air is also fatal to 
corals. Hence the distribution of reef-building corals is greatly influenced by the 
physical factors of their environments. 
1.1.2 Coral-Algal Symbiosis 
Stony corals owe their success as reef-builders to their symbiosis with dinoflagellate. 
These algal symbionts are typically known as zooxanthellae. 'Zooxanthella' refers to 
single-celled dinoflagellates that are found as symbionts in a diverse range of host 
groups, including members of the Protists (protozoa), Porifera (sponges), Cnidaria 
(mainly corals), Platyhelminthes (flatworms), and Mollusca (McLaughlin & Zahl 
1966; Taylor 1974; Trench 1993; Glynn 1996; Rowan 1998; Lobban et al. 2002 ). 
Among these associations, the most important and widespread are those between the 
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scleractinian corals and their symbiotic dinoflagellates. 
Zooxanthellae are brown or yellow-brown in color, spherical or coccoid in form 
(Davies 1993 ). Their sizes range approximately from 7 to 12 J.tm in diameter 
(Wilkerson et al. 1988). They are generally located only in the gastrodermallayer of 
the hosts within a phagocytic vacuole, and thus are separated from the host 
cytoplasm (Davies 1993). The size of algal population living within the scleractinian 
coral tissue is extremely high, i.e., greater than 106 zooxanthellae cm -2 of the colony 
surface (Muscatine 1980). 
The ecological advantage of the coral-algal symbiosis provides the main nutrition of 
the coral reef ecosystem. The zooxanthellae serve as the primary producers in this 
system through photosynthesis as they contain characteristic dinoflagellate pigments 
(diadinoxanthin, peridinin) as well as chlorophylls a and c. Up to 95% of the 
photosynthetically fixed carbon compounds in these algae, mainly glycerol and lipids, 
are translocated to the coral hosts (Muscatine et al. 1981; Falkowski et al. 1984; 
Muscatine 1990). The high flux of photosynthetically fixed carbon contributes 
mainly the respiratory carbohydrates required by the coral hosts while small amounts 
of fixed carbon are used in the synthesis of new coral biomass, maintenance and 
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reproduction (Muscatine & Porter 1977; Falkowski et al. 1984; Muscatine 1990; 
Davies 1993 ). 
Zooxanthellae also play a vital role in the assimilation of dissolved inorganic 
nitrogen and in the conservation of nitrogenous excretory products back to the host 
as amino acids while this nitrogen is limiting in the marine ecosystem. Nitrogen 
recycling generally involves the transfer of ammonium as metabolic nitrogenous 
waste products of the host corals to the algal cells while these zooxanthellae utilize 
and synthesize the ammonium into nutritional amino acids and proteins which are 
translocated back to the coral hosts (Muscatine & Porter 1977; Burris 1983). 
Nitrogen recycling is essential for tissue growth and gamete production (Davies 
1993 ). Hence, the coral hosts benefit from the exchange of nitrogenous compounds 
through close association with the symbiotic zooxanthellae. 
One other advantage of this mutualistic symbiosis is the enhancement of calcification 
through the removal of carbon dioxide by the algal cells. Coral growth is achieved by 
an increase in the mass of the calcareous skeleton and the overlying living tissue. 
During the late 50s, Goreau (1959) investigated the relationship between the 
calcification rate and the presence of zooxanthellae in corals. His results showed that 
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loss of zooxanthellae caused the decrease in calcium deposition rate. Under natural 
conditions, normal corals bearing zooxanthellae calcified nineteen times faster than 
those that had lost their photosynthesizing algae (Goreau & Goreau 1959). It is thus 
obvious that zooxanthellae are vital to the calcification of corals, whose skeletons 
form the physical framework of the coral reefs. 
The presence of zooxanthellae in the gastrodermal tissue layer is largely responsible 
for the external coloration of the host tissue in majority of the coral species (Gates 
1990). Under normal environmental conditions, the algal population is maintained at 
a relatively constant level, ranging between 0.5 to 5 x 106 cells cm-2 of coral live 
surface area depending upon the species (Drew 1972; Porter et al. 1984). The loss of 
coloration of reef building corals under extraordinary or stressful conditions is a 
phenomenon referred by Yonge & Nichols ( 1931) as "bleaching". Bleaching events 
are well documented in reefs around the world (reviewed in Glynn 1996; Brown 
1997b; Hoegh-Guldberg 1999). Bleaching, defined as the loss of algal symbionts and 
I or the loss of the pigments of the zooxanthellae, is a classic response of tropical 
symbiotic corals and related cnidarians to a variety of environmental stresses (Fitt et 
al. 2001). Environmental factors reported to cause bleaching in coral reefs include 
elevated (reviewed in Jokiel and Coles 1990) or reduced seawater temperature (Steen 
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and Muscatine 1987; Gates et al. 1992); exposure at low tide (Yonge & Nichols 
1931}; sedimentation (Bak 1978; Dollar & Grigg 1981 ); solar radiation (Brown et al. 
1994 ); or a combination of these factors. The affected corals experience reduced 
skeletal growth, reproductive failure and diminished vitality (Glynn 1996). If the 
corals experience a prolonged period of stress, coral mortality will occur (Glynn 
1996; Hoegh-Guldberg 1999). The whole community structure will change owing to 
the differential susceptibility of reef-building corals to the influence of bleaching 
(Hoegh-Guldberg 1999). 
A stable symbiosis is defined as one in which the density of zooxanthellae in corals 
remains relatively constant under a given set of environmental conditions 
(Muller-Parker & D' Elia 1997). Recently, however, it has been shown that the 
population of zooxanthellae living in the coral tissues fluctuated throughout the year 
(Stimson 1997; Brown et al. 1999; Fagoonee et al. 1999; Fitt et al. 2000; Warner et 
al. 2002; Chen et al. 2005a). A distinct annual cycle in symbiotic algal density was 
found to be associated with field and laboratory-held Pocillopora damicornis in 
Hawaii, with the zooxanthellae densities being significantly lower in spring I summer 
than in winter (Stimson 1997). The symbiotic algal density showed a strong negative 
correlation with irradiance and UV radiation, and a positive correlation with the 
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concentration of dissolved N03-. A four year monitoring study of algal densities in 
four Indo-Pacific coral species (Goniastrea aspera, G retiformis, Coeloseris mayeri 
and Porites lutea) in Thailand revealed a natural annual pattern of changes in the 
density of zooxanthellae and the algal chlorophylls (Brown et al. 1999). Algal 
numbers and chlorophylls were maximal at the end of wet season and minimal at the 
end of dry season. Such seasonal alterations were directly affected by fluctuation in 
solar radiation and seawater temperature. Another long-term field study (August 
1991 to March 1997), monitoring the weekly variation in the population density of 
zooxanthellae within the coral Acropora formosa in Mauritius, presented a strong 
seasonal cycle in zooxanthellae abundance: the densities in autumn and winter were 
three times the densities in spring and summer (Fagoonee et al. 1999). The 
zooxanthellae density was positively correlated with nitrate concentration in the 
water. Tissue biomass (ash-free dry weight) and symbiotic dinoflagellates (density, 
chlorophyll a) of five species of Caribbean reef-building corals (Montastrea 
annularis, M faveolata, M franksi, Acropora cervivornis, A. palmata) were 
monitored seasonally for up to four years at three different depths in Bahamas by Fitt 
et al. (2000). The result of their study clearly showed seasonal cycles in the tissue 
biomass and the symbiotic algae living therein. Zooxanthellae densities peaked 
during the coldest part of the year; the coral tissue biomass lagged behind and was 
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highest in the spring. Chen et al. (2005a) studied the seasonal dynamics in Acropora 
palifera over an 18 month sampling period in Taiwan and demonstrated that this 
species exhibited a temporal variation in zooxanthellae densities and pigment 
contents. 
In addition to the investigation on symbiotic algal density and pigmentation in corals, 
recent developments of the submersible pulse amplitude modulated (PAM) 
fluorometer, the Diving-PAM, allowed the studies of photosynthesis in symbiotic 
dinoflagellates to be carried out more readily. The maximal quantum yield of 
electron transport (F vI F m) through photo system 11 (PS 11) provides a good measure 
of the photosynthetic capacity of reef-building corals. Warner et al. (2002) were the 
first to show significant seasonal fluctuations in the quantum yield of charge 
separation (Fv/ Fm) of PS 11 in all Montastrea species at all depths (1-2 m, 3-4 m and 
14m) in the Bahamas. The highest photosynthetic capacity was consistently recorded 
between mid-winter and early spring while the lowest fluorescence yield occurred in 
the mid to late summer. Furthermore, fluctuations in the photosynthetic capacity 
were strongly correlated with seasonal trends in seawater temperature and irradiance. 
Winters et al. (2006) measured the maximal quantum yield (Fv / Fm) of two common 
Red Sea corals (Stylophora pistil/at a and Favia favus) in-situ. Seasonal variation in 
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Fv I Fm was correlated with seasonal changes in the solar radiation but not in seawater 
temperature. While symbiont density and pigmentation changed significantly on a 
seasonal basis, these recent findings also showed the photosynthetic capacity of these 
symbiotic dinoflagellates in corals to fluctuate seasonally. 
In addition to seasonal variation of photophysiology in different species, studies have 
also shown that the heterogeneities of the microenvironment within individual 
colonies would affect the photophysiological performances of the top and bottom 
regions within the coral colonies (Ralph et al. 1999; Warner et al. 1999; Ulstrup et al. 
2006). For Montastrea annularis, the photosynthetic yield recorded from the top was 
significantly lower than that obtained from the sides of the same colony under 
different temperature treatments (25 oc and 31.5 °C) (Warner et al. 1999). Significant 
intra-colony variation in photosynthetic capacity of coral zooxanthellae was also 
observed in the Great Barrier Reef (Ralph et al. 1999). The fluorescence yields of 
three coral species with different growth forms, Goniastera spp., Acropora aspera 
and Porites spp., were monitored and the shaded surface of all three species showed 
significantly higher photosynthetic capacity than the exposed surface within the same 
colonies. Intra-colony variability in light acclimation of zooxanthellae in the coral 
tissues of Pocillopora damicornis was revealed by Ulstrup et al. (2006). Its 
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shade-adapted polyps showed higher light absorption and higher pigmentation than 
the sun-adapted polyps within the same colonies. There is also intra-colony 
variability in bleaching susceptibility (Hoegh-Guldberg 1999). The upper sides of the 
colonies tended to bleach first and with greatest intensity before the shaded bases, 
implying a graduation of bleaching intensities within the colonies in responding to a 
gradient of irradiance (Hoegh-Guldberg 1999). 
All of the studies done thus far showed the presence of annual cycles of 
zooxanthellae population density and photosynthetic capacity, being highest tn 
autumn or winter and lowest in spring or summer. These studies also highlighted the 
importance of seasonal environmental influences on the fundamental physiology of 
corals in the tropical reefs. It was hypothesized that tropical reef-building corals 
worldwide exhibit similar seasonal patterns in physiological parameters which are 
driven by the effects of seasonality in irradiance and seawater temperature (Fitt et al. 
2000). Moreover, heterogeneous mircoenvironmental differences would also affect 
the photophysiological performance within the same coral colony. However, not 
much research effort has been put in to understand the photophysiology of 
subtropical non-reefal coral communities like those in Hong Kong. Given the 
importance of algal symbiosis in nourishing the coral hosts, seasonal changes in 
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environmental factors, such as seawater temperature, irradiance, rainfall, salinity, 
nutrients and tidal range, are likely to influence the dynamic relationship between the 
host and its algae and hence the photophysiological parameters (zooxanthellae 
densities, pigment content and photosynthetic yield) in these corals. Therefore, it is 
important to find out the effects of seasonal changes in environmental factors on the 
photophysiological performance of these corals in order to better understand the 
stability of such coral-algal symbiosis in subtropical coral communities. 
1.1.3 The Dinoflagellate Symbiodinium 
Over the past two decades, molecular studies on zooxanthellae have been carried out 
to obtain a better understanding of their genetic diversity (reviewed in Trench 1997; 
Rowan 1998). Currently, symbiotic dinoflagellates of Cnidarians are classified under 
the genus Symbiodinium. Based on the phylogenetic analyses using restriction 
fragment length polymorphisms (RFLPs) and DNA sequencing of nuclear small 
subunit ribosomal DNA (nssrDNA), nuclear large subunit ribosomal rDNA 
(nlsrDNA), internal transcribed spacer (ITS) rDNA and chloroplast large subunit 
( clsrDNA), the genus Symbiodinium is currently classified into several 'phylotypes' 
or 'clades' (A-H). Among these eight distinct clades, six of them (A-D, F and G) are 
found to be associated with scleractinian corals (Rowan 1998; Baker 2003a; Pochon 
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et al. 2006). 
Coral hosts are found to associate with a single clade or multiple clades of 
dinoflagellates (reviewed in Goulet 2006). Variation in host specificity for the 
zooxanthellae clades is thought to be related to the adaptation of the coral hosts to 
different environmental conditions, for example temperature and irradiance 
(Buddemeier & Fautin 1993). Rowan & Knowlton (1995) first found variation in 
zooxanthellae clades associated with two ecologically dominant Caribbean corals 
Montastrea annularis and M faveolata over a depth/irradiance gradient. Clades A 
and B were predominant in shallow-water corals (less than 6m) where they receive 
high irradiance, and clade C was common in deep-water colonies (habitats with low 
irradiance). In a survey of Symbiodinium diversity within scleractinian corals from 
the southern Great Barrier Reef, LaJeunesse et al. (2003) identified nine host species 
containing different symbiotic types in mid-depth (8-1 Om) and shallow ( 1-3m) reef 
habitats. Subclade C 1 was identified frequently among colonies collected from 
near-shore while those colonies from depth at 1 Om harbored C27. In fact, the 
presence of specific symbionts adapted to a gradient of different light levels may 
influence the vertical distribution of the particular hosts, as illustrated by two 
dominant eastern Pacific corals, Pocillopora verrucosa and Pavona gigante 
Page 12 
Chapter One 
(Iglesias-Prieto et al. 2004). In this study, shallow environments (0-6 m) were found 
to be typically dominated by P. verrucosa, while P. gigante was found in deeper 
habitat (6-14 m). Pocillopora verrucosa harbored symbiont clade D (based on ITS2) 
which exhibited property consistent with 'sun-loving' species while on the other 
hand, P. gigante possessed clade C with 'shade-adapted' features. These results 
suggest that the symbiont variation plays an important role in the vertical distribution 
of eastern Pacific corals. 
Other studies examining the symbiont distribution within the surface of a single 
colony showed that such distribution differed in response to changes in irradiance 
levels (Rowan et al. 1997). Within single colonies of Montastraea annularis and M 
faveolata, Symbiodinium clades A and B dominated locations with higher, 
down welling irradiance ( unshaded colony tops) while clade C resided in areas of 
lower irradiance (colony sides and shaded colony tops). Irradiance-related patterns of 
intra-colony symbiont distribution were also observed in Acropora tenuis in the 
Great Barrier Reef (van Oppen et al. 2001 ). In their study, zooxanthellae subclade C2 
(based on ITS 1) was found in the areas of A. tenuis directly exposed to light (i.e. the 
upper surface), while C 1 zooxanthellae were found in the shaded side (i.e. the under 
surface) within the same colony. Symbiodinium clades showing marked depth 
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zonation pattern with respect to environmental gradients in irradiance were also 
observed in many other studies (LaJeunesse & Trench 2000; LaJeunesse 2002; 
Ulstrup & van Oppen 2003; LaJeunesse et al. 2004; Frade et al. 2008). The 
flexibility with which scleractinian corals harbour different Symbiodinium clades at 
different depths or within different parts of the single colony indicates that the 
regulation of symbiosis is strongly affected by the environment conditions and that 
partner recombination is a plausible acclimatory mechanism (LaJeunesse et al. 
2003). 
In addition to irradiance, temperature differences were thought to affect the 
host-Symbiodinium specificity. For example, species of the coral genus Pocillopora 
were found to be associated with at least two Symbiodinium taxa, one of which 
appeared to be more tolerant of high temperatures. Temperature of 32°C caused 
chronic photoinhibition in clade C containing colonies, while causing 
photoprotection in colonies possessing clade D zooxanthellae (Rowan 2004 ). 
Adaptation to higher temperatures in Symbiodinium D may provide explanation of 
the higher resistance of Pocil/opora spp. hosting Symbiondinium clade D towards 
warm-water bleaching (based on the observation of Rowan). This implied that 
Symbiodinium clade D IS a high-temperature specialist. Similarly, the 
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"bleaching-resistant" Montipora digit at a was found to be paired with type C 15 
(based on ITS2), while other montiporid symbioses that were sensitive to thermal 
stress harbored other types of clade C (LaJeunesse et al. 2003). The transplantation 
and experimental manipulation of Acropora millepora in the Great Barrier Reef 
demonstrated an increase in thermal tolerance gained by the corals through changing 
their dominant symbiont type from clades C to D (Berkelmans & van Oppen 2006). 
This study showed that zooxanthellae type is entirely responsible for the thermal 
acclimatization in corals and corals harboring mixed algal populations have higher 
ecological advantage under increasing seawater temperatures during climate change. 
Symbiont distributions in scleractinian corals vary in different parts of the world 
(Baker et al. 1997, Rowan 1998). Large-scale surveys of Symbiodinium diversity and 
ecology have been done on sclerantinian corals collected from the Great Barrier Reef, 
Hawaii and the Caribbean regions (Loh et al. 1998; LaJeunesse 2002; LaJeunesse et 
al. 2003, 2004). Symbiodinium clades A and B were found to be commonly 
associated with Caribbean scleractinian corals but these clades are rare in the Pacific 
corals. In contrast, Pacific hosts associate predominantly with Symbiodinium clade C. 
This reveals the longitudinal variation of the zooxanthellae phylotypes. Latitudinal 
variation in Symbiodinium composition was also observed. Symbiodinium clades A, 
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B, and/or F are more common at higher latitudes worldwide while clade C is more 
abundant in tropical regions (reviewed in Baker 2003a). This pattern is true for both 
the Caribbean and the Pacific although clades A and B are rare in the Pacific corals. 
Plesiastrea veripora colonies from tropical/subtropical waters (north-eastern 
Australia) contained clade C, while P. veripora colonies from temperate waters 
(south-eastern Australia) harbored clade B symbionts (Rodriguez-Lanetty et al. 
2001). Moreover, LaJeunesse et al. (2004) demonstrated that the symbiont C3h 
exhibited a dramatic shift in dominance along latitudinal gradients in the Great 
Barrier Reef. This symbiont was extremely rare or absent in high-latitude reefs in 
corals whose larvae acquire symbiont from environmental sources, but was prevalent 
in a mid-latitude inshore reef. The latitudinal distribution of Symbiodinium 
specificity has been attributed to the environmental gradients in temperature or other 
factors along these transects. 
The fluctuation of algal symbiont diversities within a single coral colony was first 
studied in Taiwan (Chen et al. 2005a) wherein two distinct symbionts, Symbiodinium 
clades C and D, were found to be associated with Acropora palifera either 
individually or simultaneously. The symbiont community within A. palifera 
fluctuated significantly over time. The proportion of clade D dropped when there was 
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an tncrease tn seawater temperature in late spnng I early summer. This study 
highlighted the importance of reshufiling different Symbiodinium clades within 
single colonies and the seasonal dynamic of symbiont community within corals. 
Seasonal genotypic variations of coral-algal symbioses were also demonstrated in the 
study of Thornhill et al. (2006). The genetic identity of Symbiodinium from six coral 
species (Acropora palmate, A. vicornis, Siderastrea sidereal, Montastrea faveolata, 
M annularis, M franksi) was monitored on a seasonal basis over five years ( 1998 
and 2000-2004) in the Bahamas and Florida Keys at shallow (1 to 4m) and deeper 
(12 - 15m) locations. Little or no change in the dominant symbiont was recorded 
from repetitive sampling of labeled colonies from the Bahamas and the Florida Keys 
while some Montastrea spp. in Florida experienced changes in their symbiont 
composition attributed to recovery from the stresses of the bleaching events in 1998. 
Hence, high symbiont diversity would result from the exposure to great 
environmental extremes. 
The information on the distribution and diversity of Symbiodinium in corals has been 
well studied in the Caribbean and the Great Barrier Reef, while there is still a lack of 
studies on zooxanthellae in many other places around the world. So far, the only 
published study of zooxanthellae diversity on Hong Kong corals was done in Taiwan 
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(Chen et al. 2003), showing a stable association between Symbiodinium clade D and 
Oulastrea crispata. It is hypothesized in the present study that subtropical corals 
living in Hong Kong may be associated with Symbiodinium clades that are different 
from those in their tropical counterparts, given the marginal environment for coral 
growth in Hong Kong. Hence, more studies are needed to give a better picture on the 
phylogenetic information of zooxanthellae in the subtropical northern South China 
Sea in general and in Hong Kong in particular. Furthermore, a greater understanding 
of the diversity of zooxanthellae and coral-clades specificity may help to explain the 
different susceptibilities of coral-algal associations in the light of climate change 
(Rowan et al. 1997) and to predict the response of corals towards a changing 
environment. 
1.2 Coral Communities in Hong Kong 
Hong Kong (22° 18' N, 114 o 1 0' E) is located in the southern coast of China. Due to 
the freshwater discharge from the Pearl River, water in the western region is 
relatively turbid and has low salinity that is not suitable for coral growth. Coral 
communities are only concentrated in the eastern and northeastern shores of Hong 
Kong with a true marine condition that is less influenced by the Pearl River runoff. 
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Coral species in Hong Kong waters are at the northern limit of the Indo-West Pacific 
distributions (Ng & Morton 2003). They tolerate wide annual fluctuations in 
seawater temperatures (13-30°C) and salinity (20-35ppt). Heavy rainfall is a natural 
perturbation in summer and it has profound effects on Hong Kong corals because of 
reduced surface water salinities. Rainfall may also wash terrigenous sediments into 
inshore waters, following construction work, exacerbating salinity effects (Morton 
2002). In summer, the Hainan current from the South China Sea and Kuroshio 
Current from the Pacific bring warm water to the coast of southern China. In contrast, 
cold water driven by the coastal and Taiwan Current from East China Sea enters the 
water region of Hong Kong during winter. The seawater temperature drops to as low 
as l3°C in winter (February) and nses to as high as 31 oc in summer (July). 
Importantly, the minimum winter temperatures are usually below the minimal 
survival temperature (18°C) for coral growth (reviewed in Veron 1995). Hence Hong 
Kong corals experience fluctuating environmental conditions throughout the year 
with higher seawater temperature, reduced salinity and higher solar irradiance in 
summer, compared with contrasting cold-water temperature, low rainfall and low 
light levels in winter. The sub-tropical conditions in Hong Kong provide a marginal 
environment for coral growth and no extensive reefs are formed. 
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With enormous fluctuations in environmental factors, some corals were found to lose 
color or become paler during summer and winter in Hong Kong. Choi (2002) 
examined the color change of Porites lobata from autumn 1999 to winter 2000 in 
Tung Ping Chau Marine Park and showed that this species lost its color in summer 
and winter and they retained their normal coloration (deep brown) in autumn. 
However, how fundamental algal and animal physiology is influenced by seasonal 
changes in the environment was not assessed more extensively in that study. 
Though coral studies in Hong Kong started quite early in the late 1970's and 
throughout the 1980's, most of the studies conducted focused only on the ecology, 
statues and management plans for scleractinian coral communities (Cope 1982; Cope 
& Morton 1988; Morton 1994; Morton 2002). More recently, the morphology and 
genetic information on Platygyra from Hong Kong were investigated by Lam & 
Morton (2003), so was the genetic structure of the zooxanthellae associated with 
Oulastrea crispata (Chen et al. 2003). However, these studies did not look at the 
bigger picture of the underlining factors or mechanisms driving the stability of the 
coral-algal symbiosis in Hong Kong scleractinian corals and the effects of seasonal 
changes in environmental factors on such symbiosis. Moreover, the advancement of 
modem molecular technology provides the essential tool to obtain the genetic 
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information on coral associated symbiotic algae. This is critical to the understanding 
of the mechanism by which corals adapt to changing environmental conditions, 
through interactions with their symbionts (Baker 2001; 2003a, b). The question 
therefore on how corals under such marginal conditions like those in Hong Kong 
respond to increasing seawater temperature from global climate change becomes 
even more critical as these places are likely to become of greater importance to these 
coral species under the forecasted environmental changes. 
1.3 Objectives 
This thesis research project therefore, aimed at 
» investigating the potential linkages between variation in environmental factors 
(mainly seawater temperature, salinity and radiation) and variation in symbiotic 
algal density, chlorophyll content (chlorophyll a and c2) and the photosynthetic 
capacity of two dominant Hong Kong corals Platygyra acuta and Porites lutea; 
» providing the phylogenetic information on Symbiodinium associated with 
Platygyra acuta based on restriction fragment length polymorphism (RFLP). 
1.4 Study Sites- Tong Ping Chau Marine Park 
Tung Ping Chau (22°32'N, ll4°25 'E) is an isolated island in the northeastern part of 
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the Hong Kong Special Administrative Region (HKSAR), China (Figure 1-1). The 
island was designated as the fourth Hong Kong Marine Park in November 2001 
under the Marine Park Ordinance (Chapter 476), covering a sea area of about 270 
hectares. Any form of fishing and other recreational activities are strictly prohibited 
in the two core protected areas A Ma Wan (AMW) and A Ye Wan (AYW). 
Extensive coral formation is observed in the northeastern and eastern parts of the 
island. The marine environment in these parts of the island is more affected by the 
north and northeast monsoon during winter. Most corals are living in a very shallow 
water region between 1m to 3m below Chart Datum (CD). Massive corals, e.g. 
Platygyra acuta and Porites lutea, are the most common and dominant coral species 
in shallow water (<-3m CD) in A Ma Wan and A Ye Wan (Ang et al. 2004). 
The coral patches in A Ma Wan are more extensive than those in A Ye Wan. Isolated 
coral heads may be found at a depth of -8m CD in A Ye Wan but not in A Ma Wan. A 
Ye Wan is more exposed to waves during northeast monsoon. It is also located closer 
to human population while A Ma Wan is more sheltered. The micro-environment of 
these two coral patches is different. 
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1.5 Coral Species chosen for the Experiment 
1.5.1 Platygyra acuta 
Platygyra acuta (Figure 1-2) is a member of the Family Faviidae. Colonies are 
massive and meandroid, with walls forming an acute or sharp edge. Septa have 
rugged margins. Columellae are well developed but do not form centres. Walls are a 
uniform grey-brown with pale tops. Valley floors are greenish. 
Platygyra acuta ranked as the top of the 10 most dominant corals found in A Ye Wan 
and A Ma Wan (Ang et al. 2002; 2004). Most of the colonies are confined to the 
shallow water region (- 1 to 3m CD) where colonies reaching up to 1m in height are 
usually found. Due to its relatively large colony size and its high abundance in the 
northeastern water region of Hong Kong, it is therefore the most suitable candidate 
for photophysiological and phylogenetic studies of its associated zooxanthellae. 
1.5.2 Porites lutea 
Porites lutea, belonging to the Family Poritidae, is generally in massive form with 
smooth surface (Figure 1-3). Sometimes the surface is lumpy with humps or 
columnar expansions. Colonies are hemispherical in shape and their corallites are 
usually small in size. The colonies are commonly bright green in color in shallow 
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water. It is an important coral species in Hong Kong, forming large massive heads or 
sometimes encrusting on rock surfaces (Scott & Cope 1982, Veron 2000). 
In Tung Ping Chau, Potites lutea is dominant in both shallow ( -lm CD) and deep 
water (-3m CD). It is also one of the most dominant coral species found in A Ye Wan 
and A Ma Wan (Ang et al. 2000). Because of its high abundance and easy 
accessibility in Tung Ping Chau Marine Park, colonies of P. lutea were also chosen 
as the experimental organism in the present study to analyze its photophysiology. 
1.6 Thesis Outline 
This thesis is mainly divided into four chapters and a description of the content of 
each chapter is given below: 
Chapter One - General Introduction 
This chapter provides the general information on the coral reefs and the coral-algal 
symbiosis, an overview of researches on Hong Kong corals, description of the study 
sites and coral species chosen for the research and the objectives of the study. 
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Chapter Two -Temporal variation in photophysiological parameters of Hong 
Kong corals and their relationship with environmental factors 
This chapter describes temporal changes in zooxanthellae density, chlorophyll 
concentration and photosynthetic efficiency in Platygyra acuta and Porites lutea. It 
also presents the relationship between the photophysiological parameters and the 
environmental variables. The results presented are based on bimonthly sampling of 
corals in Tung Ping Chau Marine Park from October 2006 to June 2008. 
Chapter Three -PCR-RFLP Analysis on Symbiodinium in Platygyra acuta 
This chapter presents results of the seasonal dynamics of Symbiodinium phylotypes 
over a 19 months sampling period from October 2006 to April 2008 in Platygyra 
acuta in Tung Ping Chau Marine Park. Generally, only Symbiodinium clade C was 
found to be associated with P. acuta at different times of the year and in different 
regions of the coral colonies. 
Chapter Four- Summary and Conclusion 
This chapter summarizes the findings in this research and provides a perspective on 








































































































































































































































Figure 1- 2 Photo showing the studied coral species, Platygyra acuta, in Tung 
Ping Chau Marine Park. 
Figure 1- 3 Photo showing the studied coral species, Porites lutea, in Tung Ping 




Temporal variation in photophysiological parameters of Hong Kong 
corals and their relationship with environmental factors 
2.1 Introduction 
Zooxanthellae (genus Symbiodinium) are marine dinoflagellates found in association 
with reef building corals and other tropical marine invertebrates. These symbionts are 
essential primary producers in the marine ecosystems (Muscatine 1980), providing 
the hosts with energy sources through translocation of photosynthetically fixed 
carbon to them (Muscatine 1980, 1990). The algal translocation is believed to 
provide most of the energy needs for maintenance, tissue and skeletal growth and 
possibly reproduction of many reef corals (Szmant & Gassman 1990). The symbiotic 
algae can also exchange usable nitrogenous compounds with the corals and markedly 
stimulate their calcification rate. 
As coral-algal interaction is important in the nourishment of corals, the dynamic 
relationship between coral host and its algae and the stability of such relationship are 
likely governed by environmental factors such as seawater temperatures, irradiance, 
rainfall and salinity (reviewed in Brown 1997a). The effects of seasonality on coral 
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photophysiological parameters, such as the symbiotic algal densities and algal 
pigment content had been well documented (Stimson 1997; Brown et al. 1999; 
Fagoonee et al. 1999; Fitt et al. 2000; Warner et al. 2002; Chen et al. 2005a). 
Stimson ( 1997) first investigated the annual cycle in symbiotic algal density of field 
and laboratory-held Pocillopora damicornis in Hawaii. The natural annual pattern of 
algal densities in four Indo-Pacific coral species (Goniastrea aspera, G retiformis, 
Coeloseris mayeri and Porites lutea) was also demonstrated in a four year 
monitoring study by Brown et al. (1999). In addition, research efforts have been put 
forward investigating the photophysiology of corals in a greater extent with longer 
study period or with increase in the sampling sizes and depths, as exemplified by the 
long term field study (August 1991 to March 1997) on coral Acropora formosa in 
Mauritius (Fagoonee et al. 1999), or the four year study of five species of Caribbean 
reef-building corals (Montastrea annularis, M faveolata, M franksi, Acropora 
cervivornis, A. palmate) at three different depths in Bahamas (Fitt et al. 2000). 
Recently, the seasonal dynamics in Acropora palifera was studied in Taiwan (Chen et 
al. 2005a). All these studies showed the annual cycle of zooxanthellae population to 
be at its maximum in autumn or winter and at its minimum in spring or summer. It 
was hypothesized that all tropical reef-building corals worldwide exhibit similar 
seasonal pattern in photophysiological performances, driven by changes in the 
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physical variables of the immediate environments, like seawater temperature, light 
and salinity (Fitt et al. 2000). 
Temperature is the primary factor regulating the distribution and abundance of corals. 
Below 18°C (generally at latitudes greater than 30°), the number and coverage of 
reef-building coral species decline rapidly and reefs do not form. In Hong Kong, the 
winter sea water temperature drops to as low as 14 °C, which is below what is 
generally believed to be the minimum temperature (18°C) for coral survival 
(reviewed in Veron 1995). Therefore, the effect of lethal winter seawater temperature 
on the physiology of Hong Kong corals is of great interest. 
Light plays a major role in providing the energy that drives the photosynthetic 
activity of zooxanthellae (Hoegh-Guldberg 1999). Consequently, light has a 
profound effect on coral distribution and colony morphology (Muscatine 1990). But 
strong sedimentation reduces the light transmission through water columns or 
smothers corals, resulting in corals being mostly found in shallow water(< 6m), as is 
in the case of Hong Kong. Corals and their photosynthetic algae are able to 
acclimatize to low or high light intensity. Concentrations of chlorophyll and other 
photosynthetic pigments within zooxanthellae increase under low light (Falkowski & 
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Dubinsky 1981; Porter el al. 1984) and decrease under high light intensities. Under 
extremely high light intensity, photoinhibition may occur. 
Corals exist naturally at salinities that range from 32 to 40 ppt (Hoegh-Guldberg 
1999). Heavy rainfall, like that occurring in summer in Hong Kong, would have 
tremendous effect on the coral communities. This is largely because of sudden 
lowering of surface salinities. Rapid decreases in salinity cause corals to die 
(Hoegh-Guldberg & Smith 1989). It has been reported that mass mortalities of corals 
occurred after severe rain storms or flood events (Goreau 1964). In addition, heavy 
rainfall also makes coral recruitment difficult due to the intense mortality of the 
released coral gametes (Morton 2002). 
Zooxanthellae population and chlorophyll pigment concentrations are traditionally 
used to measure the health of corals. This method has been used for a long time as an 
indicator of the photosynthetic activities of corals, especially in coral bleaching 
monitoring. Fluctuation in these parameters reflected the variation of photosynthetic 
ability in corals. Reduced zooxanthellae densities and chlorophyll pigment 
concentrations hinder normal photosynthesis in corals. Other than measuring the 
physiology of corals, photosynthetic activities of corals can be also evaluated by the 
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underwater Pulse Amplitude Modulated (PAM) Fluorometer, (the Diving PAM, Walz 
GmbH, Germany), which was developed for in situ measurement of chlorophyll 
fluorescence as an indicator of optimal or effective quantum yield, a surrogate for the 
measure of photosynthetic efficiency. The Diving PAM provides a quick and 
non-instrusive method for in situ measurement of photosynthetic activities of the 
zooxanthellae living inside the corals (Beer et al. 1998), and the effects of 
environmental stressors on them (Jones et al. 1999). Recent findings showed that the 
photosynthetic capacity in symbiotic dinoflagellates changed significantly on a 
seasonal basis. For example in Bahamas, the highest photosynthetic capacity of 
Montastraea annularis, M faveolata and M franksi, measured as fluorescence yield, 
was recorded in winter while the lowest yield occurred in mid to late summer 
(Warner et al. 2002). These fluctuations in photosynthetic capacity showed a strong 
correlation with seasonal trends of seawater temperature and light (Winters et al. 
2006). Besides reduction in zooxanthellae density and/ or pigment content (Brown 
1997b) associated with corals during bleaching events, declining maximum quantum 
yield (Fv I Fm values) were found in bleached corals (Jones et al. 2000). Hence, PAM 
fluorometry has the potential of being incorporated as part of the coral health 
monitoring programs (Winters et al. 2006). 
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In this part of the study, a variety of photophysiological parameters were investigated 
on two dominant massive coral species in Hong Kong, Platygyra acuta and Porites 
lutea, over a 21 month period from October 2006 to June 2008. The study aimed at 
finding out the temporal variation in select environmental variables (sea water 
temperature, irradiance, rainfall and salinity) and their potential relationships with 
temporal changes in the photophysiological parameters of these two corals, including 
their zooxanthellae population densities, algal chlorophyll concentration and 
photosynthetic efficiency. Understanding of these relationships will form the basis 
for designing management programme to protect the edge populations of corals, such 
as those found in Hong Kong. 
2.2 Methods and Materials 
2.2.1 Study sites 
This study was carried out in Tung Ping Chau Marine Park in two sites, A Ye Wan 
(AYW) and A Ma Wan (AMW), where extensive coral communities are found 
especially in shallow water (see Chapter One for detailed site description). 
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2.2.2 Coral sampling for zooxanthellae density and chlorophyll concentration 
analysis 
The massive corals Platygyra acuta and Porites lutea (see Chapter One for detailed 
description of these species) were chosen for the study. These are the two most 
dominant coral species found in both study sites. One coral core from the apex 
(upper part) of each of the five haphazardly chosen coral colonies in both shallow 
(-1m Chart Datum (CD)) and deep water regions (-3m CD) of AYW and AMW was 
collected every other month from October 2006 to June 2008, within the sampling 
period that covered 21 months. Starting from February 2007, samples from the 
shaded (basal) regions of P. acuta colonies were additionally collected in AYW for 
intra-colony comparison. 
2.2.2.1 Tissue collection 
A hollow steel core punch was used to obtain samples having a uniform diameter of 
1.3cm (cross-sectional area of approximately 1.35 cm2) from the apex (upper part) of 
coral colonies. With a hammer the punch was driven several centimeters (around 2 
cm) into the coral colony to obtain the entire thickness of the coenosteum (Goreau & 
Goreau 1959). The coral samples were kept in seawater, brought back to the 




2.2.2.2 Zooxanthella counting 
Coral tissues from each collected sample brought back from the field were removed. 
The coral tissues collected were placed in a 15ml centrifuge tube with 1 Oml filtered 
seawater and homogenized at 16,000 rpm for 30 seconds using a homogenizer 
(Ultra-Turrax T25 Basic, IKA Labortechnik, China). This ensured that no clumps of 
tissues remained, but would not damage the zooxanthellae. Three sub-samples (about 
0.4mm3 each) were taken from each coral sample, placed on Neubauer 
haemocytometer and examined under the microscope. All zooxanthellae cells within 
four grids of the haemocytometer were counted and the density of zooxanthellae 
cells per unit area of the coral surface was then calculated as: 
Zooxanthellae densities Total no. of counts 10,000 x 10 (dilution factor) 
= ---------------- X 
4 Surface area of coral sample x 106 
2.2.2.3 Chlorophyll determination 
Chlorophyll pigments were extracted from 1 ml of the homogenized coral tissue with 
9ml of 1 00% acetone in darkness for 24 hours. The coral samples were then 
centrifuged in a Himac CR21 G centrifuge (Hitachi, Tokyo, Japan) at 5000rpm for 15 
minutes. The supematant was transferred into a glass curvette and the absorbances of 
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the samples were read at the wavelengths of 750, 664, 647 and 630nm in UV-Visible 
spectrophotometer U-2001 (Hitachi, Tokyo, Japan). Chlorophyll concentrations 
(chlorophylls a and c2) were calculated using the equations of Jeffrey & Humphrey 
(1975) as follows: 
Chlorophyll a concentration (J.tg mr1) 
= 11.85 Absorbance (664-750)- 1.54 Absorbance (647 -750)- 0.088 Absorbance (630 -750) 
Chlorophyll C2 concentration (J.tg mr1) 
= 24.52 Absorbance (630 _ 750) - 7 .6Abosrbance (647 -750)- 1.67 Absorbance (664-750) 
Chlorophyll concentrations were expressed in terms of zooxanthellae density and 
surface area of the coral: 
Chlorophyll alc2 concentration per zooxanthellae density (pg zoox-1) 
Chlorophyll alc2 concentration (J.tg mr1) X OF X V 
= 
Zooxanthellae density (1 06 no. of cells cm-2) x Surface area of coral sample 
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Chlorophyll a/c2 concentration per surface area of coral (Jlg cm- ) 
Chlorophyll a/c2 concentration (Jlg mr1) X DF X V 
= 
Surface area of coral sample 
Where 
DF = Dilution by acetone, i.e. 1 Oml 
V = Dilution by filtered seawater during symbiont extraction, i.e. 10ml 
2.2.2.4 Determination of coral surface area 
The coral surface of Porites lutea is relatively flat and smooth, hence its surface area 
was simply calculated as an area of a circle by the equation A= n r2 where r is the 
radius of the sample core measured using a caliper (measurement up to the accuracy 
of 0.05cm). On the other hand, the surface of Platygyra acuta was irregular with 
deep valleys, hence correction was required to determine the actual surface area of 
the coral core. The blasted area of the coral skeleton of P. acuta was first covered as 
close as possible, following the contours, with a single layer of aluminum foil. The 
area of the aluminum foil used was then calculated as a ratio of the actual area of the 
coral core measured using a caliper. A mean correction factor of 1.2 was obtained 
after 20 repeated measurements. This factor was taken as the ratio between the planar 
area of the sample core and the actual surface area of P. acuta and was therefore 
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multiplied to each subsequent sample core area of P. acuta measured using a caliper 
(as in A= n r2) to determine the coral surface area of P. acuta. 
2.2.3 Measurement of changes in the photosynthetic activity of the corals 
Effective quantum yield is an important measure of the photosynthetic efficiency of 
the photosystem 11 of coral symbionts. A diving PAM (Walz 2000, Effeltrich, 
Germany) (Figure 2-1) was used to measure the photosynthetic activity (effective 
quantum yield, Fm' - F I Fm·) of the corals. Measurements were carried out in situ 
every other month from October 2006 to June 2008. 
Before collection of tissue samples from each coral colony, the effective quantum 
yield of the coral and the photosynthetically active radiation (PAR) immediately over 
it were obtained in five replicates. For Platygyra acuta colonies in AYW, the 
measurement was carried out on the top and also the shaded regions (basal area 
immediately next to the seabed) of the colony. 
2.2.4 Environmental factors 
Seawater temperatures in Tung Ping Chau Marine Park are being monitored regularly 
at every half an hour interval since 1997, using the "MINILOG" (Vemco, Halifax, 
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Canada) underwater temperature probes. The probes are located in A YW and AMW 
at -lm CD and -3m CD. Salinity of the surface water was measured using a 
multimeter (YSI 85, Ohio, USA) twice every month. Other environmental conditions, 
including the daily global solar radiation and total rainfall, were obtained from the 
records of the Hong Kong Observatory from October 2006 to June 2008 (HKO, 
http://www.hko.gov.hklwxinfo/pastwxlpast.htm). The level of the PAR was measured 
by PAM during every measurement of photosynthetic activities of the corals. 
2.2.5 Data Analysis 
All statistical analyses were performed using SPSS 13.0 for Windows (SPSS Inc., 
USA). The data were first tested for normality by Kolmogorov-Smirnov test and 
homogeneity of variance by Levene's Test of quality of error variances (homogeneity 
test for two-way ANOVA). Non-parametric statistics was used after several attempts 
at data transformation failed to satisfy the parametric assumptions. The significant 
level (p value) of all statistical analyses was set at 0.05. 
Mean zooxanthellae population density, chlorophyll a and c2 concentrations per 
zooxanthella and per coral surface area, and photosynthetic effective quantum yields 
were determined in order to investigate the temporal fluctuations of these parameters 
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associated with the coral hosts in both water depths. Differences in these parameters 
over the whole sampling period for Platygyra acuta and Porites lutea were 
determined by parametric one-way AN OVA or non-parametric Kruskal-Wallis Test. 
Differences in these parameters between shallow and deep water colonies among 
months were detected using two-way ANOVA with time (months) and depth as the 
fixed factors. Additionally, Student t-test or Mann-Whitney U test was used to 
evaluate these differences in each month. Likewise, intra-colony variation in 
photophysiological parameters for Platygyra acuta in A YW was analyzed using a 
two-way ANOVA with time (months) and region within colonies (top vs. shaded 
regions) as fixed factors. Student !-test or Mann-Whitney U test were also performed 
to determine differences in the photophysiological parameters within colonies of P. 
acuta in each month. To compare differences in the monthly performance between 
Platygyra acuta and Porites lutea, a nested two-way ANOVA (as no reason to 
assume there would be interaction between these two species) and independent 
samples t-tests were employed. Relationships between different environmental and 
photophysiological parameters were evaluated by Pearson's Product-Moment 
correlation analysis or, Spearman rank-order correlation analysis if the parametric 




2.3.1 Density of Zooxanthellae 
2.3.1.1 Density of Zooxanthellae in Platygyra acuta 
Symbiotic algal cell density was one of the primary indicators of coral health. No 
general temporal trend in zooxanthellae densities in the coral Platygyra acuta was 
observed in the study sites within the sampling period (Figure 2-2 & Figure 2-3), but 
significant temporal variation among months was detected (one-way ANOVA or 
Kruskal-Wallis test, p < 0.001 ). In AYW, the mean (± SO) algal densities from P. 
acuta ranged from 5.00 ± 0.94 to 10.01 ± 1.54 x 106 cells per cm2 in shallow water 
and from 3.85 ± 0.94 to 9.63 ± 0.89 x 106 cells per cm2 in deep water. The lowest 
zooxanthellae density was recorded in summer 2007 (August 2007) and the highest 
in the fall/winter (December 2006 & 2007) or in summer (June 2008) (Figure 2-2). In 
AMW, the mean densities ranged from 5.58 ± 0.33 to 11.70 ± 1.90 x 106 cells per 
cm
2 in shallow water and from 4.81 ± 0.57 to 9.50 ± 1.65 x 106 cells per cm2 in deep 
water during the 21 month sampling period. The lowest algal density was found in 
winter 2006 (February 2006) or summer 2007 (June 2007) while the highest occurred 
in October 2006 (fall) and June 2008 (summer) (Figure 2-3). 
There was significantly higher mean symbiont density within shallow water P. acuta 
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colonies in A YW compared with the deep water colonies over the whole study period 
(Table 2-1; two-way AN OVA, depth p < 0.001 ). Significant differences in 
zooxanthellae densities between shallow and deep water P acuta colonies in the 
period from February to August 2007 were also observed (Table 2-2; student t-tests 
or Mann-Whitney U test, p < 0.05). Deep water P acuta colonies in AMW also 
showed significantly lower zooxanthellae density in half of the sampling times 
(Table 2-1 & Table 2-2). P acuta in both sites showed a significant interactive effect 
between time (month) and depths (Table 2-1; two-way ANOVA, month x depthp < 
0.05), indicating different rates of change in symbiont population desities in corals at 
different depths over time. 
2.3-.1.2 Density of Zooxanthellae in Porites lutea 
For Porites lutea, no general temporal trend in its zooxanthellae densities was found 
within the sampling period (Figure 2-4 & Figure 2-5), but variation in algal cell 
density was statistically significant over time (one-way AN OVA or Kruskal-Wallis 
test, p < 0.001). In AYW, the mean (± SO) algal cell densities varied from 2.00 ± 
0.53 to 7.26 ± 1.99 x 106 cells per cm2 in shallow water and from 1.84 ± 0.21 to 7.50 
± 1.43 x 106 cells per cm2 in deep water. The lowest algal cell density occurred in 
winter/early spring (February 2007 & April 2008) while the highest was detected 
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towards the end of the wet season/beginning of the dry season (December 2006 & 
November 2007) (Figure 2-4). The mean algal densities varied from 3.71 ± 0.65 to 
8.06 ± 2.36 x 106 cells per cm2 in shallow water and from 2.74 ± 0.39 to 6.71 ± 1.33 
x 1 06 cells per cm2 in deep water over the sampling period in AMW. The algal cell 
density recorded in winter/spring 2008 (February & April 2008) was significantly 
lower than those recorded in October 2006 (fall), December 2007 (winter) and June 
2008 (summer) (Figure 2-5). 
There were statistical differences in mean densities of zooxanthellae between shallow 
and deep water P. lutea colonies in A YW and AMW over the sampling period (Table 
2-3; two-way ANOVA, depth p < 0.01). However, the difference in algal densities 
between depths was observed only in a few months during the whole study period 
(Table 2-4). Besides, there was no significant interactive effect between time (month) 
and depths detected (Table 2-3; two-way ANOVA, month x depthp > 0.05). 
2.3.2 Concentrations of Chlorophyll a and c2 (per zooxanthella) 
2.3.2.1 Concentrations of Chlorophyll a and c2 (per zooxanthella) in Platygyra 
acuta 
Chlorophyll a is the principal pigment for photosynthesis while chlorophyll c2 is the 
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accessory pigment. Concentrations of chlorophyll a per zooxanthella were 
significantly higher in winter than in summer/early fall for Platygyra acuta colonies 
from both sites (Figure2-6 & Figure2-7; one-way AN OVA or Kruskal-Wallis test, p < 
· 0.001 ). Chlorophyll a concentration (per zooxanthella) in P. acuta increased rapidly 
in the late fall to reach the peak in winter (February 2007 & 2008), decreasing during 
the summer period (August 2007) in AYW and AMW. For shallow P. acuta colonies 
in AYW, the ranges of mean (± SD) concentration of chlorophylls a and c2 per 
zooxanthella were from 3.31 ± 1.09 to 9.87 ± 2.28 pg zoox-1 and 1.32 ± 0.24 to 4.86 
± 3.51 pg zoox-1 respectively; and from 2.76 ± 1.11 to 11.05 ± 1.64 pg zoox-1 and 
1.44 ± 0.22 to 3.90 ± 0.62 pg zoox-1 respectively for deeper colonies (Figure2-6). In 
AMW, these mean concentrations ranged from 3.87 ± 1.02 to 13.06 ± 2.18 pg zoox-1 
and 1.71 ± 0.31 to 3.95 ± 0.80 pg zoox-1 respectively in shallow water and from 4.21 
± 0.54 to 10.23 ± 1.37 pg zoox-1 and 1.51 ± 0.52 to 3.25 ± 0.55 pg zoox-1 
respectively in deeper water (Figure 2-7). The mean chlorophyll c2 concentrations 
were significantly lower than the chlorophyll a concentrations. 
There were no significant differences in the mean chlorophylls a and c2 
concentrations of the symbionts associated with P. acuta colonies from the two 
depths in both sites (Table 2-5 & Table 2-7; two-way ANOVA, depth p > 0.05). 
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Consistent findings were also detected when considering differences in the 
chlorophylls a and c2 concentrations in each month (Table 2-6 & Table 2-8; student 
t-test or Mann-Whitney U test, p > 0.05). In general, no significant interactive effect 
between time (month) and depths was detected in terms of the chlorophyll 
concentrations in P. acuta (Table 2-5 & Table 2-7; two-way ANOVA, month x depth 
p > 0.05). 
2.3.2.2 Concentrations of Chlorophyll a and c2 (per zooxanthella) in Porites lutea 
For Porites lutea, the mean concentrations of chlorophyll a per zooxanthella were 
significantly higher in the fall/early winter (December 2006 & November 2007) than 
in the summer (August 2007) in both AYW and AMW, except in winter 2008 when 
the chlorophyll a concentration dropped to the minimum that was lower than the 
chlorophyll c2 concentrations (Figure 2-8 & Figure 2-9; one-way ANOVA or 
Kruskal-Wallis test,p < 0.001). For shallow P. lutea colonies in AYW, the ranges of 
mean (± SD) concentrations of chlorophylls a and c2 per zooxanthella were from 
0.82 ± 0.24 to 10.41 ± 4.73 pg zoox-1 and from 1.07 ± 0.80 to 4.31 ± 1.50 pg zoox-1 
respectively. For deep P. lutea colonies, these ranges were from 1.40 ± 0.59 to 11.29 
± 1.05 pg zoox-1 and from 1.11 ± 0.39 to 4.08 ± 1.29 pg zoox-1 respectively 
(Figureure2.8). In AMW, the mean concentrations ranged from 0.69 ± 0.17 to 11 .15 
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± 2.20 pg zoox-1 and from 1.77 ± 0.20 to 3.63 ± 0.83 pg zoox-1 respectively in 
shallow waters and from 3.59 ± 0.67 to 12.18 ± 0.96 pg zoox-1 and 1.39 ± 0.18 to 
3.89 ± 0.63 pg zoox-1 respectively in deeper water (Figure 2-9). 
Similar to the results for Platygyra acuta, the temporal mean chlorophylls a and c2 
concentrations in P. lutea collected from different depths were not significantly 
different in both sites (Table 2-9 & Table 2-11; two-way AN OVA, depth p > 0.05). 
Results from student t-test or Mann-Whitney U test also revealed no significant 
differences between depths in each month (Table 2-10 & Table 2-12; p > 0.05). 
Besides, there was also no significant interactive effect between time (month) and 
depths detected for these concentrations in P. lutea (Table 2-9 & Table 2-11; two-way 
ANOVA, month x depthp > 0.05). 
2.3.3 Concentrations of Chlorophyll a and c2 (per surface area) 
2.3.3.1 Concentrations of Chlorophylls a and c2 (per surface area) in Platygyra 
acuta 
Significant temporal variation in both algal chlorophylls per unit surface area of 
Platygyra acuta colonies was detected (one-way ANOVA or Kruskal-Wallis test, p < 
0.001) with significant differences being between the lowest values of chlorophyll a 
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recorded in summer/fall (November 2007 in A YW but August 2007 in AMW) and 
higher values in winter (December 2006 & February 2008 in AYW but only in 
December 2006 in AMW) (Figure 2-10 & Figure 2-11 ). In AYW, the mean (± SO) 
chlorophylls a and c2 contents per unit surface area of P acuta colonies in shallow 
water ranged from 24.96 ± 10.09 to 81.29 ± 9.92 Jlg cm·2 and 9.87 ± 2.83 to 31.52 ± 
21.73 Jlg cm -2 respectively. In deeper colonies, these ranged from 22.81 ± 10.24 to 
89.37 ± 12.03 Jlg cm-2 and 10.04 ± 2.16 to 27.73 ± 3.90 Jlg cm-2 respectively (Figure 
2-1 0). In shallow water region of AMW, the mean concentrations of these pigments 
ranged from 24.83 ± 6.88 to 90.40 ± 14.07 Jlg cm-2 and 11.14 ± 2.00 to 25.83 ± 4.09 
Jlg cm-2respectively, and in deep water region, from 21.98 ± 3.79 to 76.56 ± 11.12 
Jlg cm-2 and 8.72 ± 0.89 to 22.23 ± 2.75 Jlg cm-2 respectively (Figure 2-11). 
Concentrations of chlorophylls a and c2 per coral surface area of P acuta collected 
from different depths in A YW were not statistically different (Table 2-13 & Table 
2-15; two-way ANOVA, depth p > 0.05). But there was a significant interactive 
effect in the pigmentation per surface area between time (month) and depths (Table 
2-13 & Table 2-15; two-way ANOVA, month x depth p < 0.001), suggesting that 
there were differences in the rates of change of chlorophyll pigment concentrations in 
each depth over time. In contrast to the results in AYW, shallow water colonies in 
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AMW showed significantly higher mean concentrations of chlorophylls a and c2 per 
unit surface area than that of deeper colonies (Table 2-13 & Table 2-15; two-way 
ANOVA, depth p < 0.001). However, no significant interactive effect between time 
(month) and depths was observed (Table 2-13 & Table 2-15; two-way ANOVA, 
month x depth p > 0.05). In general, there were no significant monthly differences 
between the levels of chlorophyll pigment in P. acuta colonies between water depths 
in both sampling sites (Table 2-14 & Table 2-16; student t-test or Mann-Whitney U 
test, p > 0.05). 
2.3.3.2 Concentrations of Chlorophyll a and c2 (per surface area) in Porites lutea 
The chlorophylls a and c2 concentrations per surface area of Porites lutea colonies 
varied significantly over the sampling period in either AYW or AMW (one-way 
AN OVA & Kruskal-Wallis test, p < 0.001 ), with the lowest concentration being 
found in winter 2008 (April 2008 in AYW and AMW) while the highest 
concentration recorded in early winter in 2006 (December 2006) (Figure 2-12 & 
Figure 2-13). In shallow P. lutea colonies in AYW, the mean(± SD) chlorophylls a 
and c2 contents per unit surface area ranged from 1.50 ± 1.11 to 66.29 ± 19.80 ~g 
cm -
2 
and 8.56 ± 1.28 to 24.36 ± 4.15 J.Lg cm -2 respectively. In deep P. lutea colonies, 
the mean values ranged from 2.66 ± 1.31 to 84.57 ± 17.18 ~g cm-2 and 2.12 ± 0.99 to 
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23.70 ± 5.91 J.lg cm-2 respectively (Figure 2-12). In AMW, the ranges were from 2.60 
± 0.79 to 75.68 ± 17.18 J.lg cm-2 and 6.87 ± 1.14 to 24.92 ± 5.01 J.lg cm-2 respectively 
in shallow colonies and 12.55 ± 10.66 to 62.76 ± 24.23 J.lg cm-2 and 6.25 ± 0.36 to 
21.04 ± 7.07 J.lg cm-2 respectively in deeper colonies (Figure 2-13). 
There was no significant difference in pigment concentrations per surface area 
between depths over the year (Table 2-17 & Table 2-19; two-way ANOVA, depthp > 
0.05), and also in each month (Table 2-18 & Table 2-20). In addition, there were no 
interactive effects between time (month) and depths on the pigment concentrations in 
both sites (Table 2-17 & Table 2-19; two-way ANOVA, month x depthp > 0.05). 
2.3.4 Chlorophyll ratio 
2.3.4.1 Chlorophyll ratio in Platygyra acuta 
The chlorophyll a:c2 ratio indicates the relative abundance of the main pigment for 
photosynthesis. Significant temporal change in the mean(± SD) chlorophyll a to c2 
ratio in Platygyra acuta in AYW was noted over the sampling months 
(K.ruskal-Wallis test, p < 0.001) with ranges being consistently between 2.30 ± 0.04 
to 3.18 ± 0.01 in shallow colonies, and between 1.93 ± 0.72 to 3.86 ± 0.40 in deeper 
colonies (Figure 2-14 ). In AMW, the ranges were between 2.23 ± 0.46 to 4.11 ± 0.08 
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in shallow colonies, and 2.29 ± 0.54 to 4.50 ± 1.00 in deeper colonies (Figure 2-15). 
The seasonal trend in this ratio was however not obvious. 
No significant differences in seasonal chlorophyll ratio between depths were found 
(Table 2-21; two-way AN OVA, depth p > 0.05). Differences were only significant in 
selected months (Table 2-22; student !-test or Mann-Whitney U test, p < 0.05). 
2.3.4.1 Chlorophyll ratio in Porites lutea 
Colonies of Porites lutea showed significant seasonality in chlorophyll a:c2 ratio 
(Kruskal-Wallis test, p < 0.001), with great fluctuation especially in samples taken 
after the cold spell in winter 2008. The lowest chlorophyll ratios occurred in winter 
2008, either in February or April 2008, compared with the maximum values found in 
fall 2007 (October or November 2007) (Figure2-16 & Figure2-17). In AYW, the 
mean(± SD) ratio ranged between 0.46 ± 0.14 and 3.90 ± 0.60 in shallow colonies, 
and between 0.72 ± 0.28 to 3.61 ± 0.24 in deeper colonies (Figure 2-16). In AMW, 
the ratios were between 0.38 ± 0.09 to 3.76 ± 0.45 and 1.29 ± 0.56 to 3.71 ± 0.51 in 
shallow and deeper colonies respectively (Figure 2-17). 
Coral colonies of P. lutea collected from the shallow water had significantly higher 
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values of chlorophyll ratio compared to that from samples collected at deeper water 
in both study sites (Table 2-23; two-way ANOVA, depth p < 0.05). Results from 
student !-test or Mann-Whitney U test also showed that there were between depths 
differences in this ratio in some months (Table 2.-24). In addition, the interaction 
between depths and sampling months was strongly significant (Table 2.-23; two-way 
ANOVA, month x depth p < 0.05), implying that shallow P. lutea colonies had 
greater fluctuation in the pigment ratio compared to that in deeper colonies over 
time. 
2.3.5 Effective quantum yield 
2.3.5.1 Effective quantum yield in Platygyra acuta 
Effective quantum yield of Platygyra acuta was measured in-situ ustng the 
diving-PAM every other month except in February 2007 due to some technical 
problem with the equipment. Significant temporal variation in the coral effective 
quantum yield in all depths was observed over the 21 month sampling (one-way 
ANOVA or Kruskal-Wallis test, p < 0.001). Highest effective quantum yields were 
obtained during summer to fall (June to November 2007) and the lowest values were 
recorded in winter (February 2008) (Figure 2-18 & Figure 2-19). Effective quantum 
yield bounced back rapidly after the lowest point in winter 2008 and peaked in the 
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following summer (April - June 2008). The mean (± SD) values of effective 
quantum yield fluctuated from 0.42 ± 0.07 to 0.68 ± 0.03 and from 0.48 ± 0.04 to 
0.69 ± 0.01 in shallow and deeper colonies respectively in A YW (Figure 2-18). In 
AMW, the values ranged from 0.28 ± 0.11 to 0.67 ± 0.03 and from 0.37 ± 0.02 to 
0.68 ± 0.01 in shallow and deeper colonies respectively (Figure 2-19). 
Deeper P acuta corals showed significantly higher effective quantum yields 
compared to their shallow water counterparts (Table 2-25; two-way AN OVA, depth p 
< 0.001 ). This was particularly significant in several months within the whole study 
period (Table 2-26). Significant interactive effect between time (month) and depths 
was detected in both sites (Table 2-25; two-way AN OVA, month x depth p < 0.05), 
indicating that changes in the effective quantum yield over time differed between 
depths and were dependent on depths. 
2.3.5.2 Effective quantum yield in Porites lutea 
The seasonal pattern in the effective quantum yield of Porites lutea was similar to 
that in Platygyra acuta, except for an abnormally high value of quantum yield 
recorded in A YW at the beginning of the study (October 2006). In both sites and in 
different depths, sampling time had a significant seasonal effect on the effective 
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quantum yield measured (one-way AN OVA or Kruskal-Wallis test, p < 0.001 ). The 
quantum yield in summer to fall (June to November 2007 and June 2008) was 
significantly higher than that recorded in winter (February 2008 in AYW and 
December 2006 & February 2008 in AMW) (Figure 2-20 & Figure 2-21). The mean 
(± SO) quantum yield of P. lutea colonies in AYW ranged from 0.28 ± 0.06 to 0. 75 ± 
0.05 and from 0.46 ± 0.04 to 0.81 ± 0.01 in shallow and deeper waters respectively 
(Figure 2-20). In AMW, the yield ranged from 0.36 ± 0.05 to 0.66 ± 0.04 and 0.28 ± 
0.03 to 0.66 ± 0.05 in shallow and deeper colonies respectively. 
Similar to P. acuta, P. lutea colonies exhibited significantly higher quantum yield in 
deeper than in shallow water (Table 2-27; two-way AN OVA, depth p < 0.05). This 
difference was especially significant in a number of bimonthly measurements 
throughout the whole study period (Table 2.-28). In addition, the interactive effect 
between time (month) and depths was significant (Table 2-27; two-way ANOVA, 
month x depth p < 0.001 ), indicating that shallow P. lutea colonies had greater 
oscillation in their quantum yield over time when compared with the deeper colonies. 
Page 53 
Chapter Two 
2.3.6 Photosynthetically active radiation (PAR) 
2.3.6.1 Photosynthetically active radiation measured over Platygyra acuta 
The measurement of the photosynthetically active radiation (PAR) from the 
diving-PAM was easily affected by the orientation of the probe and also the weather 
conditions (i.e. sunny vs. cloudy days) of the sampling day. Inconsistent patterns in 
PAR measurement were therefore easily obtained. 
Significant temporal variation in the levels of PAR received by Platygyra acuta 
colonies was recorded (one-way ANOVA or Kruskal-Wallis test, p < 0.001) but no 
clear seasonal pattern in the radiation level was observed during the sampling period 
from February 2007 to June 2008 (Figure 2-22 & Figure 2-23). Great variability in 
mean(± SD) PAR over shallow water P acuta colonies in AYW was noted over time, 
with the highest value (344 ± 106.41 J.tmol quanta m-2 s-1) obtained in August 2007, 
compared to the lowest value (42.25 ± 16.03 Jlmol quanta m-2 s-I) in June 2008. In 
deeper water, the PAR received by the colonies ranged from 10.12 ± 1.32 Jlmol 
quanta m-2 s-I to 97.35 ± 45.85 J.tmol quanta m-2 s-I (Figure 2-22). The range of 
fluctuation in PAR in shallow water AMW was less and the PAR levels ranged from 
39.74 ± 7.16 J.tmol quanta m-2 s-I in April2008 to 224.79 ± 49.08 Jlmol quanta m-2 s-I 
in February 2008. In deeper water, the PAR ranged from 4.4 ± 0.49 to 180.04 ± 66.70 
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IJ.mol quanta m-2 s-1 (Figure 2-23). 
It was not surprising to find out that shallow water P. acuta colonies in AYW 
received significantly higher PAR compared to deeper water colonies over the whole 
season (Table 2-29; two-way ANOVA, depth p < 0.001) or in each month (Table 
2-30). In addition, significant interactive effect on the PAR between time (month) 
and depths was detected in AYW (Table 2-29; two-way ANOVA, month x depthp < 
0.001). This implies that depth affected the amount of PAR received by the corals 
over time and the shallow water areas in AYW had greater fluctuation in PAR 
compared to deeper water areas. 
2.3.6.2 Photosynthetically active radiation measured over Porites lutea 
Significant temporal pattern of variation in the PAR received by Porites lutea was 
also noted (Kruskal-Wallis test, p < 0.001 ). However, no seasonal trend in radiation 
levels was observed over the sampling period (Figure 2-24 & Figure 2-25). There 
was great variability in the PAR received by the corals, especially in AMW (Figure 
2-25). In AYW, the mean (± SD) levels of radiation received by P. lutea fluctuated 
from the highest value (342.21 ± 86.58 f.!mol quanta m-2 s-1) in August 2007 to the 
lowest value (25.0 ± 8.18 IJ.mol quanta m-2 s- 1) in June 2008 in shallow water (Figure 
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2-24), and from 7.28 ± 1.35 to 130.12 ± 105.64 ~mol quanta m-2 s-1 in deeper waters. 
For shallow P. lutea colonies in AMW, the maximum PAR (266.40 ± 26.47 ~mol 
quanta m-2 s-1) was received in February 2008 while the minimum (57.52 ± 15.77 
~mol quanta m-2 s-1) in April 2008. In deeper corals, the PAR received was between 
3.01 ± 2.36 and 99.47 ± 15.14 ~mol quanta m-2 s-1 (Figure 2-25). 
The shallow Porites lutea colonies received significantly higher amount of PAR 
compared to deeper water colonies (Table 2-31; two-way ANOVA, depthp < 0.001). 
This was also true on a monthly basis (Table 2-32). Moreover, there was significant 
interactive effect between time (month) and depths on PAR in both sites (Table 2-31; 
two-way ANOVA, month x depthp < 0.05), indicating that the magnitude of changes 
in PAR received by the corals over time differed among depths and the shallow 
colonies received more variable amount of radiation over the study period than the 
deeper colonies. 
2.3. 7 Intra-colony variation for Platygyra acuta 
2.3. 7.1 Density of Zooxanthellae 
Starting from April 2007, samples from not only the top region but also the shaded 
region I basal region within the same colony of Platygyra acuta were collected from 
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both shallow and deep water areas in A YW for intra-colony comparison of the 
variation in various photophysiological parameters. Temporal variation in 
zooxanthellae densities in the shaded regions of P. acuta (one-way ANOVA, P < 
0.001) was observed and the pattern of change in algal cell population was similar to 
that of the top region (Figure 2-26 & Figure 2-27). In shallow water areas, the shaded 
region of P. acuta had the minimum mean(± SD) zooxanthellae density (4.73 ± 0.97 
cells per cm2) in August 2007 and the maximum density (9.91 ± 2.36 cells per cm2) 
in April 2008. In deep water region, the algal cell density in the shaded region ranged 
from 4.29 ± 0.39 cells per cm2 in August 2007 to 8.16 ± 1.07 cells per cm2 in 
November 2007. 
There was no significant difference in seasonal algal density within P. acuta colonies 
in shallow water region (Table 2-33; two-way ANOVA, top/shaded p > 0.05), but 
there was significantly higher mean symbiont density in the top region of P. acuta 
colonies in deeper water when compared with the shaded region within the same 
colonies (Table 2-33; two-way ANOVA, top/shaded p < 0.05). The findings were 
consistent among monthly data (Table 2-34). In addition, there was significant 
interactive effect between time (month) and regions within P. acuta colonies in both 
depths (Table 2-33; two-way AN OVA, month x region p < 0.05), indicating that the 
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upper regions of P acuta had a greater fluctuation in algal density than the shaded 
region within the same colony and this fluctuation was largely affected by time 
throughout the study period. 
2.3. 7.2 Concentrations of Chlorophyll a and c2 (per zooxanthella) 
Seasonal pattern in the concentrations of both chlorophylls per zooxanthella in the 
shaded region of Platygyra acuta was similar to that in the upper region. 
Concentrations of chlorophyll a per zooxanthella were significantly higher in fall to 
winter (December 2007 and February 2008) than in late fall (November 2007) in the 
shaded regions of P acuta in both water depths (one-way ANOVA or Kruskal-Wallis 
test, p < 0.001). In the shaded region, the ranges of mean (± SD) pigment 
concentrations were from 4.87 ± 0.24 to 9.82 ± 1.76 pg zoox-1 and 1.47 ± 0.48 to 
3.50 ± 0.54 pg zoox-1 respectively in shallow water (Figure 2-28), and from 3.34 ± 
1.12 to 9.96 ± 0.53 pg zoox-1 and 1.39 ± 0.31 to 3.75 ± 1.23 pg zoox-1 respectively in 
deeper water (Figure 2-29). 
Results from student t-test or Mann-Whitney U test showed that there were no 
significant differences in the concentrations of both chlorophylls per symbiont within 
the same colonies of P acuta in most months (Table 2-36 & Table 2-38; p > 0.05). 
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Moreover, there was no significant interactive effect detected between time (month) 
and different regions within the colony, except the chlorophyll a content per 
symbiont of colonies in the shallow water (Table 2-35 & Table 2-37; two-way 
AN OVA, month x region p > 0.05). This implies that the variation in chlorophyll a 
concentration per symbiont in the top regions of shallow P. acuta colonies was very 
much affected by time. 
2.3. 7.3 Concentrations of Chlorophyll a and c2 (per coral surface area) 
Temporal variation in the concentrations of both chlorophylls per surface area in the 
shaded region of Platygyra acuta followed that in the upper region. Significant 
temporal variation was found for both chlorophylls in the shaded region (one-way 
ANOVA or Kruskal-Wallis test, p < 0.001), with significant differences being 
between the lowest values of chlorophyll a recorded in summer to fall (June to 
November 2007) and higher values in winter (December 2007 to February 2008) 
(Figure 2-30 & Figure 2-31 ). In the shaded region of shallow water colonies, the 
mean (± SD) chlorophylls a and c2 contents per unit surface area ranged from 32.20 
± 4.82 to 73.68 ± 15.71 J.Lg cm-2 and 9.89 ± 4.27 to 26.40 ± 5.68 J.Lg cm-2 respectively 
(Figure 2-30). In the deep water colonies, these values ranged from 24.61 ± 11.38 to 




Although there were no significant differences in the mean chlorophylls a and c2 
contents per unit surface area within the Platygyra acuta colonies in both water 
depths over the study period (Table 2-39 & Table 2-41; two-way AN OVA, 
top/shaded p > 0.05), significant differences in these concentrations were detected in 
several months within the same colonies in shallow and deep water regions (Table 
2-40 & Table 2-42, student !-test or Mann-Whitney U test, p < 0.05). There was also 
significant interactive effect detected between time (month) and regions within the 
colony, except the chlorophyll c2 content per surface area in the shallow water (Table 
2-39 & Table 2-41 ). This suggests that time had a differential effect on variation in 
the chlorophyll concentrations of the top region than in the shaded region of P. acuta 
colonies. 
2.3. 7.4 Chlorophyll ratio 
The trend of temporal variation in the chlorophyll a to c2 ratio in the shaded region of 
Platygyra acuta colonies was similar to that of the upper region, but with less 
oscillation. This temporal change in the shaded region was noted over the sampling 
months in both water regions in AYW (Kruskal-Wallis test, p < 0.001 ). In the shaded 
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region of shallow water colonies, the mean (± SD) chlorophyll ratio was within a 
narrow range between 2.45 ± 0.28 and 3.51 ± 0.80 (Figure 2-32), compared to 2.40 ± 
0. 73 to 3.66 ± 0.21 in deeper colonies (Figure 2-33). 
In the shallow water region, significant difference in mean chlorophyll ratio was 
obtained within the Platygyra acuta colonies over the study period (Table 2-43; 
two-way ANOVA, top/shaded p < 0.05), and the results from student t-test or 
Mann-Whitney U test showed significant difference in the ratio in several monthly 
comparisons (Table 2-44). Though there was no significant difference in mean 
chlorophyll ratio detected within the deep water Platygyra acuta colonies over the 
study period (Table 2-43; two-way ANOVA, top/shaded p > 0.05), student t-test or 
Mann-Whitney U test showed significant difference in the ratio in most of the 
monthly data sampled over the whole period (Table 2-44 ). Besides, there was also 
significant interactive effect detected between time (month) and regions within the 
colony in deep water (Table 2-43; two-way ANOVA, month x region p < 0.001), 
indicating that variation in chlorophyll ratio between the top and shaded regions in 
deeper P. acuta colonies was affected by the sampling time. 
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2.3.7.5 Effective quantum yield 
The pattern of variations in effective quantum yield over time in the shaded region in 
Platygyra acuta colonies was similar to that obtained in the upper region in all 
depths. In all depths, fluctuation in the quantum yield was significant over the 
sampling time (Kruskal-Wallis test, p < 0.001). In shallow water colonies, the range 
of mean (± SD) quantum yield in the shaded region was from 0.52 ± 0.03 to 0.70 ± 
0.01, and between 0.57 ± 0.04 and 0.70 ± 0.01 in that of deeper water colonies 
(Figure 2-34 & Figure 2-35). 
Although overlapping patterns of the effective quantum yield were observed 
(Figure2-34 & Figure2-35), significant difference was still detected within the 
Platygyra acuta colonies in all water depths over the study period (Table 2-45; 
two-way ANOVA, top/shaded p < 0.001). The results from student t-test or 
Mann-Whitney U test showed significant difference in the quantum yield within the 
same colonies in some of the months during the whole period, especially in the 
shallow water region (Table 2-46). In addition, there was significant interactive effect 
detected between time (month) and regions within the colony in shallow and deep 
waters (Table 2-45; two-way ANOVA, month x region p < 0.05), indicating that 




2.3. 7.6 Photosynthetically active radiation (PAR) 
Significant temporal pattern of variation in PAR received by the shaded region of 
Platygyra a cut a was noted (one-way AN OVA or Kruskal-Wallis test, p < 0.001 ), 
following the trend observed in the top region (Figure 2-36 & Figure 2-3 7). The 
mean (± SD) irradiance received by the shaded region in shallow water ranged from 
16.48 ± 13.75 J.Lmol quanta m-2 s-1 in June 2007 to 207.37 ± 63.44 J.Lmol quanta m-2 s-1 
in August 2007 (Figureure2.36), and between 6.84 ± 2.73 and 119.47 ± 83.23 J.Lmol 
quanta m-2 s-1 in June 2008 and in August 2007 respectively in deeper water. 
Although there was a significant difference in the levels of PAR received by different 
regions within the same Platygyra acuta colony in shallow water (Table 2-4 7; 
Two-way AN OVA, p < 0.05), the results from student t-test or Mann-Whitney U test 
suggested that these significant differences were detected only in two sampling 
months over the study period (Table 2-48). Significant interactive effect between 
time (month) and different regions within the colonies was noted (Table 2-47; 
two-way AN OVA, month x region p < 0.05). In general, there was no difference in 
the levels of PAR received by different regions within the same colony of P acuta in 
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deeper water over time (Table 2-4 7 & Table 2-48). 
2.3.8 Comparison between Platygyra acuta and Porites lutea 
Although Platygyra acuta and Porites lutea represent the two most dominant 
massive corals in Tung Ping Chau Marine Park, they showed differences in their 
photo-physiology performances. Mean densities of symbiotic dinoflagellates in 
Platygyra acuta were significantly higher than those in Porites lutea at shallow and 
deeper water depths in both AYW and AMW (Table 2-49 & Table 2-51; nested 
two-way ANOVA, p < 0.001). This is also true when consider the differences on a 
monthly basis (Table 2-50 & Table 2-52). In addition, the interactive effect between 
time (month) and depths on photo-physiology performances was significant in 
Platygyra acuta but not in Porites lutea, indicating differences in the responses of 
Platygyra acuta and Porites lutea symbionts towards parameters associated with 
time and water depth. 
Symbiotic algal cells in Platygyra acuta contained significantly more chlorophyll a 
per cell than those in Porites lutea for both depths in A YW when considered over the 
whole sampling period (Table 2-53; nested two-way ANOVA, p < 0.001). Several 
monthly samples also showed similar trend (Table 2-54; student t-test or 
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Mann-Whitney U test, p < 0.05). This was slightly different in AMW. Shallow 
Platygyra acuta colonies in AMW showed significant difference in their mean 
chlorophyll a concentration when compared to Porites lutea, but this was not so for 
the deeper colonies (Table 2-57). Differences among monthly data were significant at 
times, especially in the fall and winter (Table 2-54 & Table 2-58; student t-test or 
Mann-Whitney U test, p < 0.05). There was no significant difference in the mean 
chlorophyll c2 content between the shallow water colonies of these two species in 
both AYW and AMW throughout the study period (Table 2-55 & Table 2-59; nested 
two-way ANOVA, p > 0.05). However, deep water Platygyra acuta colonies had 
significantly higher chlorophyll c2 concentration than that in Porites lutea, in both 
study sites (Table 2-56 & Table 2-60; student t-test or Mann-Whitney U test, p < 
0.05). In winter I early spring 2008 (February & April 2008), algal symbionts in 
Porites lutea exhibited significant drop in their mean chlorophyll a concentration in 
AYW and AMW (Figure 2-8 & Figure 2-9) while Platygyra acuta retained its high 
chlorophyll a concentration per algal cells during the same period (Figure 2-6 & 
Figure 2-7). 
When chlorophyll a concentration was expressed on per coral surface area basis, 
similar seasonal trends were observed with Platygyra acuta having higher 
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concentration of this pigment than Porites lutea at all depths in A YW and AMW 
(Table 2-61 & Table 2-65; nested two-way ANOVA, p < 0.001). In contrast to the 
results shown for chlorophyll c2 content per algal cell, Platygyra acuta exhibited 
significantly higher level of chlorophyll c2 concentration per surface area than 
Porites lutea in shallow and deep waters in both A YW and AMW (Table 2-63 & 
Table 2-67; nested two-way ANOVA, p < 0.001). No significant interactive effect 
between sampling time (month) and depths for this parameter was detected in both 
species. In addition, Porites lutea showed significant reduction in its chlorophyll a 
content per unit surface area in winter I early 2008 (February & April 2008) (Figure 
2-12· & Figure 2-13) but the chlorophyll a content per surface area in Platygyra acuta 
was not affected by the cold winter temperature (Figure 2-10 & Figure 2-11). 
With significantly higher chlorophyll a content in Platygyra acuta than in Porites 
lutea, it followed that the chlorophyll a to c2 ratio in Platygyra acuta was also 
significantly higher than that in Porites lutea in both the shallow and the deep waters 
(Table 2-69 & Table 2-71; nested two-way ANOVA, p < 0.001). This was also 
reflected in the monthly data, especially for the shallow water colonies where these 
differences were more consistent in most of the sampling months (Table 2-70 & 
Table 2-72; student t-test or Mann-Whitney U test, p < 0.05). It is important to 
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highlight that the chlorophyll a to c2 ratio in P lutea dropped to as low as 0.46 ± 0.14 
in AYW and 0.38 ± 0.09 in AMW during winter 2008 (Figure 2-16 & Figure 2-17), 
implying that there was a significant loss of chlorophyll a pigment in P lutea during 
this period. This phenomenon, however, was not observed for P acuta (Figure 2-14 
& Figure 2-15). 
Although Platygyra acuta had significantly higher density of zooxanthellae and 
higher concentration of chlorophyll a than Porites lutea over the sampling period, 
there was nevertheless no significant difference in the effective quantum yield 
detected between the two species at all depths, except in deep water in AMW (Table 
2-73 & Table 2-75; nested two-way AN OVA, p > 0.05). Only in a few cases did the 
monthly effective quantum yield differ significantly between the two species (Table 
2-74 & Table 2-76). These results imply that Platygyra. acuta and Porites lutea had 
similar efficiency in the utilization of light for photosynthesis over the sampling 
months. The levels of PAR received by Platygyra acuta and Porites lutea were not 
significantly different either over the whole sampling period (Table 2-77 & Table 
2-79; nested two-way AN OVA, p > 0.05), or on a monthly basis (Table 2-78 & Table 
2-80; student t-test or Mann-Whitney U test, p > 0.05). 
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From my personal observation during field studies, the color loss in P lutea was 
more distinct. This agreed well with the experimental findings that there was 
significant drop in the concentration of chlorophyll a pigmentation in P lutea, 
especially during the winter of 2008. Visual signs of coral bleaching (the loss of 
color) were more evident in P. lutea. This species appeared visibly paler in winter 
2008 compared to summer 2007 (Figure 2-39). In contrast, P. acuta maintained its 
healthy color throughout the whole study period (Figure 2-38) and showed no signs 
of bleaching. 
2.3.9 Environmental factors and their correlations with photophysiological 
parameters in corals 
2.3.9.1 Temperature 
There was no large difference in the pattern of monthly mean (± SO) seawater 
temperature fluctuation between AYW and AMW from October 2006 to June 2008 
(Figure 2-40). The fluctuation lied between 14.74 ± 0.44 oc in February 2008 and 
29.06 ± 1.07 oc in July 2007 in AYW, and between 14.43 ± 0.45 oc in February 2008 
and 29.50 ± 0.91 oc in July 2007 in AMW. Moreover, the mean daily maximum 
seawater temperature reached as high as 30.70 ± 0.22 oc in AYW and 31.25 ± 0.65 
oc in AMW in July 2007. During winter 2008, the mean daily minimum seawater 
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temperature dropped to 14.50 ± 0.21 oc inAYW and 13.81 ± 0.22 oc inAMW. 
Temporal variability of photophysiological parameters associated with coral 
symbiotic algae was examined in the context of the seasonal trend of seawater 
temperatures. In general, seawater temperature showed no significant relationship 
with the zooxanthellae abundance in corals (Table 2-81 & Table 2-82). However, for 
deeper Porites lutea colonies in AMW, a significant positive correlation between 
zooxanthellae density and temperature was detected (Table 2-82). There was clear 
significant negative correlation between seawater temperature and algal chlorophyll a 
and c2 concentrations in Platygyra acuta in both AYW and AMW (Table 2-81 & 
Table 2-82). However, such negative correlation was not found in P. lutea. Except for 
deeper P. lutea colonies in A YW, sea water temperature did not correlate well with the 
chlorophyll a:c2 ratio (Table 2-81 & Table 2-82). In AYW, seawater temperature 
showed a strong positive correlation with the effective quantum yield measured in 
the two species, indicating that increasing seawater temperature probably promoted 
the efficiency of photosynthesis in corals. 
2.3.9.2 Salinity 
The pattern of monthly variation in salinity recorded in A YW and AMW from 
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October 2006 to June 2008 was very similar. The mean (± SO) salinity varied 
between 30 ppt and 34 ppt, except in June 2007 when the salinity decreased to 26.70 
± 0.12 ppt inAYWand 27.37 ± 0.11 ppt inAMW. 
The effects of salinity on the photophysiological parameters of corals were also 
investigated. A significant positive correlation was noted between salinity and algal 
cell densities in Platygyra acuta over the sampling months (Table 2-83 & Table 
2.-84). However, no such relationship was found in Porites lutea. In addition, salinity 
showed a generally positive correlation with both chlorophylls a and c2 
concentrations in Platygyra acuta and Porites lutea in AMW (Table 2-84), but not in 
AYW (Table 2-83 ). Similarly, salinity also showed a significant positive correlation 
with chlorophyll a to c2 ratio in the sampled species in AMW only (Table 2-84 ). 
Effective quantum yield of the two coral species was negatively affected by salinity 
in A YW (Table 2-83) but not in AMW, with lower photosynthetic capacity under 
increasing salinity. 
2.3.9.3 Rainfall 
The record of total rainfall and mean daily global solar radiation were obtained from 
the Hong Kong Observatory [www.hko.gov.hk]. In Hong Kong, rainfall is normally 
high in the months from April 2007/ 2008 to September 2007 (the late summer) 
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(Figure 2-42). Heavy rainfall occurred in June 2008 and the total rainfall recorded 
was 1346.1 mm, much higher than that recorded in June 2007 ( 490.1 mm). This was 
also the new monthly rainfall record for all months of the years since 1884 (from 
Hong Kong Observatory). The high rainfall that occurred in June 2008 was induced 
by squally thunderstorms and typhoon (signal no. 8, Typhoon Fengshen, with 
189kmlh gusty wind speed measured at Ngong Ping monitoring station) that visited 
Hong Kong during that same period. 
The salinity record for the study sites was supplemented with rainfall data from the 
Hong Kong Observatory. A strong significant negative correlation was detected 
between zooxanthellae density and total rainfall in shallow Platgyra acuta colonies 
in AYW only (Table 2-85). The total rainfall did not affect the population density of 
symbiotic algae living in the studied coral species (Table 2-85 & Table 2-86). 
However, the concentrations of both chlorophylls a and c2 in Platygyra acuta and in 
Porites lutea were significantly negatively correlated with the total rainfall in both 
study sites, with the concentrations dropping with increasing rainfall in summer. 
Moreover, there was a negative correlation detected between chlorophyll ratio and 
total rainfall. In contrast, effective quantum yield measured from the coral species 
was positively correlated with the rainfall. 
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2.3.9.4 Solar radiation 
The PAR received by each coral species at its respective depths in the study sites was 
presented previously in Section 2.3 .6. Since these measurements of PAR were taken 
bimonthly, the mean global solar radiation was included as a reference of monthly 
mean of solar radiation in Hong Kong. For mean global solar radiation, the highest 
recorded radiation was around 20 megajoule m -2 in July 2007 (Figure 2-42). 
Relatively higher global solar radiation was found during summer (from June to 
September) and lower during autumn and winter (from November to February). 
Analysis of the correlation between algal densities versus the level of PAR received 
by the coral species gave no general pattern for these two factors. Significant 
negative correlations between these two factors were found in shallow Porites lutea 
colonies in AYW and deep Platygyra acuta colonies in AMW (Table 2-87 & Table 
2-88). Correlation between both the concentrations of chlorophylls a and c2 in 
symbiotic cells and PAR was significantly positive only in shallow and deep water 
Platygyra acuta colonies, and deep water Porites lutea colonies in A YW (Table 2-87). 
The PAR was found to have a significant negative impact on the effective quantum 
yield of shallow water colonies in AYW, and the deeper colonies in AMW (Table 
2-87 & Table 2-88). 
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In contrast, the mean global solar radiation data showed a clear pattern of 
correlations with the photophysiological parameters in corals. The mean global solar 
radiation was significantly positively correlated with algal densities in Porites lutea 
in both study sites (Table 2-89 & Table 2-90). On the other hand, it showed a general 
pattern of significant negative correlation with the concentrations of both 
chlorophylls a and c2 in Platygyra acuta (Table 2-89 & Table 2-90). These negative 
correlations were not observed in P lutea. Solar radiation demonstrated significant 
positive correlation with the chlorophyll a to c2 ratio in the two coral species (Table 
2-89 & Table 2-90). There was also significant positive correlation between solar 
radiation and effective quantum yield at both depths exhibited by the studied coral 
species (Table 2-89 & Table 2-90). 
2.4 Discussion 
Field evaluation of photophysiological performance of corals can provide 
information on the physiological limits of their temperature tolerance, effects of 
seasonality on their photosynthetic parameters and the interaction between varying 
light, salinity and temperature regimes. In this study, the photophysiological 
parameters, including zooxanthellae density, chlorophyll pigment content and 
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photosynthetic efficiency, of the two dominant corals (Platygyra acuta and Porites 
lutea) were examined in relation to in situ temperature, salinity and PAR. 
2.4.1 Density of zooxanthellae 
Under normal environmental conditions, the mean density of zooxanthellae in the 
tissues of hermatypic corals is maintained at a relatively constant level, ranging from 
0.3 to 5 x 106 cells cm-2 of the live surface area depending on the species (e.g. Drew 
1972; Porter et al. 1984; Hoegh-Guldberg & Smith 1989; Muller-Parker et al. 1994; 
Stimson 1997; Fagoonee et al. 1999; Stimson et al. 2002). Algal densities from four 
Indo-Pacific coral species were found to be uniformly high (0.6 to 1.4 x 10 7 cell cm -2 
in Porites lutea, 0.4 to 1.8 x 107 in Goniastrea retiformis, and 0.8 to 2.6 x 107 in G 
aspera and Coeloseris mayeri) (Brown et al. 1999). The zooxanthellae density of 
Platygyra acuta examined in the present study ranged from the minimum of 3.85 ± 
0. 94 x 1 06 to the maximum of 11.70 ± 1. 90 x 1 06 cells cm -2, which was much higher 
than the general range reported for other coral species. Porites lutea also showed a 
relatively high zooxanthellae density from 1.84 ± 0.21 to 8.06 ± 2.36 x 106 cells cm-2• 
Massive corals from inshore turbid waters in Singapore also showed high algal 
densities (Brown et al. 1999). High levels of suspended particles added potential 
nutrients to particulate feeding corals and corals can adapt to a shaded environment 
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with high sedimentation loading. The high values of algal densities observed in both 
species analyzed in the present study could therefore be due to the high nutrient 
levels of the waters in the study sites, with relatively high level of suspended 
particulates (usually > 1.5 mg/L ). Differences in the methodologies employed to 
assess zooxanthellae density, or difference in the sampling time may also account for 
the high algal densities reported in these Hong Kong corals. 
What is more important, however, is that species with the highest density of algal 
cells tended to have high survivorship following the 1998 bleaching in Okinawa 
(Stimson et al. 2002). The average zooxanthellae density of the high-survival corals 
( 4.07 x 106 cells cm-2) was significantly higher than the density of the low-survival 
corals (1.79 x 106 cells cm-2). The relationship between bleaching-induced mortality 
and the density of symbiotic dinoflagellates could be explained in several ways. First, 
Warner et al. (1999) suggested that greater density of zooxanthellae in corals may 
provide some protection by self-shading and hence less damage to the corals. Second, 
corals with higher symbiotic algal density may contain greater concentrations of 
UV-absorbing compounds (e.g. mycosporine-like amino acids) in the tissues and thus 
providing stronger protection from UV radiation during the bleaching event (Stimson 
et al. 2002). Third, high algal density was packaged in thicker tissue which could 
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shield the algae under UV damage during bleaching events (Loya et al. 2001 ). P. 
acuta in the present study was not observed to bleach during summer except for a 
drop in its zooxanthellae density. There was also no significant drop in its 
zooxanthellae density even during the unusual cold spell in February 2008. This is in 
contrast to P. lutea which was more affected by either the higher temperature in 
summer or the lower temperature in winter. However, which of the above hypotheses 
could explain the apparent high resistance of P. acuta to temperature change remains 
to be experimentally tested. 
Unlike the Caribbean and the In do-Pacific corals which showed annual pattern of 
zooxanthellae density being low during the summer-fall and high in the winter-spring 
seasons (Brown et al. 1999; Fitt et al. 2000), no obvious yearly cycle was observed 
for the two species examined. This may be due to the short duration (21 months) of 
the sampling period in this study, compared to the long term monitoring (up to five 
years) in the other studies (Brown et al. 1999; Fitt et al. 2000). In addition, the 
annual cycle of algal cell density is also highly dependent on the growth rate of the 
zooxanthellae population and that of host skeletal/coral-tissue (Stimson 1997). If the 
growth rate of the colony surface area (resulted from coral-tissue and skeletal growth) 
exceeds that of the symbiotic algal population, then the algal cell density will be 
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reduced. The growth rate of Hong Kong corals is very slow at less than 1 cm per year 
(Wong 2001 ). Given the slow growth rate of corals in Hong Kong, their 
zooxanthellae density is highly variable throughout the whole year, depending on the 
growth rate of the zooxanthellae population. 
In general, there was a significant difference in the zooxanthellae density between 
the shallow and deep water colonies of both species examined in Tung Ping Chau, 
with the difference being more obvious in Platygyra acuta than in Porites lutea. 
Deep water P. acuta colonies showed significantly lower zooxanthellae density 
mainly in winter to early summer. Reduction in the density of zooxanthellae per unit 
area with increasing depth as a function of light had similarly been shown in deep 
corals(> 10m) in Jamaica (Dustan 1979). In our study sites, although the actual 
difference in depth between the shallow (-1m CD) and the deep water regions (-3m 
CD) was not large, high water turbidity attenuates the irradiance level very quickly. 
Hence, the loss of light intensity and changes in the quality of light within a short 
depth distance were great, tantamounting to that experienced in a greater depth 
distance in clearer tropical waters. As a result, drop in zooxanthellae density with 
increasing depth was observed although this pattern was not obvious in other times 
of the year nor was the pattern consistent for both species. 
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Evidences for the influence of seawater temperature, irradiance and salinity on 
photophysiological parameters of reef corals are well documented. Seasonal patterns 
of algal density may be driven by the combined effects of light and seawater 
temperature affecting the metabolism of the coral-algal symbiosis. Stimson (1997) 
showed weak correlation of algal density with temperature. He also revealed an 
inverse relationship between irradiance and symbiotic algal population in the same 
study. However, after comprehensive review on the relationship between algal 
density and irradiance, he concluded that no consistent pattern was apparent and 
there was no change in zooxanthellae density with altered irradiance from majority 
of the experimental studies. Poor correlations between environmental factors 
(temperature, salinity and rainfall) and zooxanthellae data were also observed in 
Brazilian corals (Costa et al. 2005). On the other hand, the algal cell density showed 
a significant negative correlation with seawater temperature and the greatest negative 
correlation with PAR dose at the scale of day of sampling in all sampled species in 
Thailand (Brown et al. 1999). In the present study, the effect of environmental 
factors like seawater temperature and PAR on variation of zooxanthellae density was 
not obvious, or was opposite to those reported by Brown et al. ( 1999). Within the 
period of this study, there was no anomaly in the sea surface temperature in summer 
reported in Hong Kong, compared with the prolonged period of high seawater 
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temperature (> 32 °C) and high irradiance during summers in Thailand (Brown et al. 
1999). Although a decrease in zooxanthellae density in both species was detected in 
summer, the higher water temperature (around 30 °C) did not appear to be the only 
factor affecting the trend of low density of symbiotic algae reported here. In contrast, 
lower temperature in winter did have some effect, at least on P. lutea. But there 
appeared to be a time lag in this response to low temperature, with the symbiotic 
algal population in P. lutea decreasing significantly to the lowest value in April 2008 
when the lowest monthly average temperature in Tung Ping Chau was recorded in 
February 2008. Hence, aside from seawater temperature and PAR, other 
environmental factors may be more important in affecting the zooxanthellae density 
in corals, i.e. salinity in waters. Significant positive correlation was detected between 
salinity and algal density in P. acuta. Strong rainfall in summer decreasing the 
surface water salinity could account for the fall of zooxanthellae density in corals. In 
July and August 1997 with the record high levels of rainfall, a bleaching event 
occurred in the waters of Hong Kong and was believed to be particularly associated 
with the hyposaline conditions recorded from shallow inshore areas (Morton 2002). 
Rapid dilution from heavy precipitation and run-off was responsible for the mass 
bleaching events elsewhere (Glynn 1996). Other biological factors could also have 
an impact on variation in zooxanthellae density. Proliferation and overgrowth of 
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macroalgae on corals in winter may shade off light and nutrients, causing a decrease 
in algal cell population density (Choi 2003). 
2.4.2 Concentrations of Chlorophyll a and c2 
The mean chlorophyll a concentrations of2.76 to 13.06 pg zoox-1 (and chlorophyll c2 
from 1.32 to 4.86 pg zoox-1) in Platygyra acuta colonies were within the normal 
range of 2 -10 pg zoox-1 of most reef-building corals (Glynn 1996). However, for 
Porites lutea, the concentration of chlorophyll a in April 2008 dropped below the 
minimum value of the range. The ranges of mean concentrations of chlorophylls a 
and c2 per unit coral surface area in P acuta (21.98 to 90.40 ~g cm-2 and 8.72 to 
31.52 ~g cm-2 respectively) and in P lutea colonies (1.50 to 84.57 ~g cm-2 and 2.12 
to 24.92 ~g cm-2 respectively) were much higher than those reported in Caribbean 
and West Indian corals with a range between 0 to 20 ~g cm -2 (Dustan 1979; Fitt et al. 
2000). The reason for this "abnormally" high ranges of pigment concentrations could 
be due to the high density of surface zooxanthellae population with high pigment 
content in individual algal cells discussed above. 
The distinct seasonal trends in chlorophyll concentrations for both Platygyra acuta 
and Porites lutea in A YW and AMW agreed well with findings in other studies. 
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Regulation of annual pattern of chlorophyll concentrations tn coral tissues by 
underwater levels of irradiance has been suggested (reviewed by Falkowski et al. 
1990). Zooxanthellae can acclimatize their photosystems to changes in the light 
environment by regulating the light-harvesting ability of their photosynthetic units 
(amount of chlorophyll per cell) and the rate of carbon fixation ( enzymatic 
adaptations) (Hoegh-Guldberg & Jones 1999; Muller-Parker & D'Elia 1997). Light 
adaptation strategies were first demonstrated by Redalje (1976) who showed 
hermatypic corals growing at low light intensity to have deep pigmentation (high 
chlorophyll a concentration). Increase-in pigment content in response to decreasing 
light intensity was also shown in deep corals (50m) in West Indian coral reef (Dustan 
1979). Therefore, to meet carbon-fixation requirements in winter (with fewer hours 
of daylight and reduced maximal irradiance), the zooxanthellae inside the coral 
tissues can optimize their light harvesting strategy by increasing the amounts of their 
chlorophyll pigments. Similarly, in summer when the irradiance is maximal for 
photosynthesis, fewer amounts of photosynthetic pigments are required and 
maintenance of high chlorophyll density would be energetically wasteful. 
An Increase tn the amount of photosynthetic pigment ts typically part of 
photoacclimation in symbiotic algae under low light intensity in winter. It is puzzling, 
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however, that occasionally positive correlation between levels of PAR and 
chlorophyll concentrations was found. The light probe used to measure PAR In 
diving-PAM was very sensitive to slight change in its orientation. As a result, poor 
recording of PAR could occur at times, hence poor correlation with the chlorophyll 
contents. Strong significant correlations between algal chlorophylls and the actual 
PAR received by the corals were detected by Brown et al. (1999). In their study, the 
global solar radiation was recorded continuously using in-situ sensors and the actual 
PAR received by the corals was calculated from the tidal record and the 
transmittance of irradiance through the water column. This may give a more accurate 
measurement of the levels of PAR received by the corals. 
The chlorophyll concentrations showed a significant negative correlation with mean 
global solar radiation measured from the Hong Kong observatory. This result agreed 
well with the acclimation theory discussed above in which chlorophyll levels in 
winter were higher when the levels of irradiance were low. However, the record of 
mean global solar radiation could only be treated as a reference because it does not 
reflect the actual PAR received by the corals. The observatory was far (> 50 Km) 
from the study sites. The turbidity of the water and tidal height could have affected 
the actual levels of PAR received by the corals. Thus, to improve the quality of the 
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data, in-situ thermopile and photodiode sensors should be installed to better calculate 
the levels of actual PAR received by corals. It is then can a better evaluation of the 
relationship between PAR and chlorophylls concentration be carried out. 
Generally there was no significant difference in seasonal pigment concentrations 
between depths in the two coral species examined in the present study. However, 
shallow water colonies received significantly higher PAR compared to deeper water 
colonies. Hence the advantage of receiving more irradiance in shallow waters did not 
result in lower amount of photosynthetic pigmentation in shallow water corals. This 
suggests that difference in light intensity was not the main factor affecting the 
amounts of photosynthetic pigments in coral tissues from different depths. 
The seasonal cycle in the chlorophyll pigment concentration may thus be driven by 
the seasonality of other environmental variables. Thus far, however, influence of 
environmental factors on symbiotic algal density has been the focus of most studies 
(Stimson 1997; Brown et al. 1999; Fagoonee et al. 1999; Fitt et al. 2000). Except for 
light, the relationship between symbiotic algal pigmentation and other environmental 
factors has largely been ignored. Interestingly, the significant negative correlation 
between seawater temperature and chlorophyll concentrations was only observed in 
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Platygyra acuta colonies but not in Porites lutea. Seawater temperature increases 
steadily from the spring through the summer-fall in Tung Ping Chau. As reported 
elsewhere (Fitt et al. 2000), rising seawater temperature increases the respiratory 
metabolism and decreases the energy reserves in the coral tissue, leading to a 
reduction in coral tissue biomass. This being the case, the environmental conditions 
in summer, with increasing water temperature (and PAR), are less favorable to corals. 
This would explain the significant drop in the amount of chlorophyll pigmentation 
from spring to late summer in the two coral species examined. Besides, the influence 
of temperature on algal photophysiology may involve heat stress, causing 
photosystem damage that reduces the amount of chlorophyll pigment in the 
zooxanthellae (Fitt & Warner 1995). 
Another critical environmental factor that ts likely to affect the chlorophyll 
concentrations in coral tissue is salinity or rainfall. An annual pattern of reduced 
algal chlorophyll concentrations at the end of dry season and higher concentrations at 
the end of wet season was observed in corals in Thailand (Brown et al. 1999; Fitt et 
al. 2000). This pattern appears to be opposite to that observed in the present study. 
The chlorophyll concentrations in both Platygyra acuta and Porites lutea were, in 
general, positively correlated with salinity and negatively correlated with the 
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amounts of rainfall. Not surprisingly, as coral hosts are true marine organisms, they 
survive best under normal saline conditions (30 to 35 ppt). Heavy rainfall would 
significantly decrease the salinity in the waters and would affect the corals, hence 
directly or indirectly also the amounts of chlorophyll pigment in coral tissues. There 
were, however, some inconsistencies in the pattern, as correlation between salinity 
and chlorophyll pigment concentrations in both species in AYW was not as clear. 
2.4.3 Chlorophyll ratio 
Significant temporal changes in the chlorophyll a to c2 ratio in Platygyra acuta and 
Porites lutea were noted over the sampling months in Tung Ping Chau. All measured 
ratios for P. acuta were generally within the range of 2 to 4.5, indicating that the 
chlorophyll c2 concentration was lower than that of chlorophyll a by at least two to 
four folds. In contrast, the measured chlorophyll ratios for P. lutea fluctuated with a 
greater extent from 0.4 to 4, implying that at times, the concentration of chlorophyll a 
fell dramatically to a level lower than that of chlorophyll c2, as recorded during the 
occurrence of a prolonged cold spell in winter 2008 (see further discussion in section 
2.4.6). The annual pattern of pigment ratios fluctuated significantly throughout the 
sampling period due mainly to the large alternations in the concentration of 
chlorophyll a, compared with little oscillation of the accessory pigment. 
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No significant differences in seasonal chlorophyll ratio between depths in Platygyra 
acuta colonies were found but Porites lutea colonies collected at shallow water had 
significantly higher values of chlorophyll ratio compared to deeper colonies in both 
study sites. No significant changes in chlorophyll a to c2 ratios with decreasing 
irradiance with depths in Stylophora pistillata were recorded in the Gulf of Elat 
(Falkowski & Dubinsky 1981 ). Since the two coral species examined in the present 
study were subjected to similar variations in seawater temperature, PAR and salinity, 
any environmental alterations should not be a reason accounting for differences in 
their chlorophyll concentrations and hence, ratios. The species differences may 
ultimately be due to the differences in their biological response towards the sudden 
drop in winter sea water temperature. 
It is interesting to note, however, that seawater temperature was not significantly 
correlated with the chlorophyll ratio, implying that seawater temperature did not 
affect the seasonal variation in the relative concentrations of the chlorophyll 
pigments. The correlation between chlorophyll ratio and salinity was significantly 
positive in AMW only but not in AYW. Microenvironmental conditions in the two 
sites were apparently different, but this was not necessarily reflected in the salinity 
data as the seasonal oscillations of salinity in the two sites were very similar. 
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Reponses of the zooxanthellae, either by changing their chlorophyll a or c2 
concentrations, or both, would have dampened any clear pattern of change in the 
chlorophyll ratio. Significant negative correlation between total rainfall and 
chlorophyll ratio was detected, implying that heavy rainfall in summer would 
increase the relative concentration of the accessory pigments (chlorophyll c2) more, 
or decrease the concentration of chlorophyll a. Symbiotic algae in corals may adapt 
to stressful environmental conditions (e.g. reduced salinity) by increasing the 
amounts of their accessory pigments in order to extend the range of light wavelength 
that could be trapped for photosynthesis. On the other hand, no significant 
correlations between chlorophyll ratios and PAR dose received by the corals were 
detected. However, the mean global solar radiation showed a significant positive 
correlation with the chlorophyll ratios in both coral species. Decreasing amount of 
irradiance increased the concentrations of both chlorophylls a and c2 (especially in 
winters), but decreased their relative concentrations. Reduced chlorophyll ratios were 
shown in plants under deep shaded conditions (Valladares et al. 2003; Kyparissis et 
al. 2007). Warner et al. (2002) also found the pigment ratios in Caribbean corals to 
lag behind the peak light levels. One way to capture maximal level of light under 
relatively low light conditions in winter is to adjust the relative chlorophyll pigment 
ratios (increased levels of accessory pigments relative to chlorophyll a) to 
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compensate for the loss of light tn order to maintain a high efficiency of 
photosynthesis. 
2.4.4 Effective quantum yield 
In the present study, the relatively higher effective quantum yield recorded for both 
species in summer to fall (June to November 2007) and the lowest values found in 
winter (February 2008) was opposite to those found by Warner et al. (2002) for three 
species of Caribbean corals and by Winters et al. (2006) for two Red Sea corals. 
Their results showed low photosynthetic yield in the summer and high yield in the 
winter for corals of various types and from various geographic locations. The results 
in the present study, however, are similar to those found in seagrass Thalassia 
testudinum (Herzka & Dunton 1997) and clones of Norway spruce (Westin et al. 
1995). Herzka & Dun ton ( 1997) demonstrated that the relative quantum yield in the 
seagrass was high during the early spring and summer months, followed by lower 
quantum yield during winters with decreasing temperature ( < 18 °C) and very low 
metabolic activity. Throughout the winter, from November until the beginning of 
April, photochemical activity was low with variable chlorophyll fluorescence 
ranging between 0.35 and 0.5 for the cloned Norway spruce owing to low 
temperature (5 °C) (Westin et al. 1995). The drop of effective quantum yield in 
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winters revealed that low temperature could cause inhibition in the photosynthetic 
activity of symbiotic algae in corals. In contrast, the relatively high seawater 
temperature in summers in Hong Kong did not cause photoinhibition. The seasonal 
fluctuation in photosynthetic capacity may be due to seasonal shifts in 
protein/pigment content and in the organization of Photosystem (PS) II in symbiotic 
algae, as suggested by Warner et al. (2002). This type of seasonal changes in PS Il 
organization and pigment composition occurred also in terrestrial plant species 
(Ottander et al. 1995), e.g. in Pinus sylvestris where significant drop in PS 11 
photochemical efficiency was observed in winter due to loss of protein content. The 
seasonal shift in protein content in symbiotic algal or coral tissues may possibly 
explain the decrease in coral fluorescence yield under low temperature stress in 
winter. Nonetheless, the effective quantum yields of the two studied species, ranging 
from 0.41 to 0.68, were relatively high. These values were similar to those reported 
by Gorbunov et al. (2001) and Ralph et al. (1999). Other than high temperature, 
adaptation of corals to high-light conditions explains the relatively high 
photosynthetic capacity obtained in corals during summers and is a reflection of the 
healthy physiological state of coral species (Ralph et al. 1999). 
Coral species in the present study exhibited significantly higher quantum yield in 
Page 89 
Chapter Two 
deeper water, compared to shallow water colonies. This pattern was also shown in 
other studies (e.g. Warner et al. 2002). This increased photosynthetic activity can be 
related to photoacclimation at depths as well as lower photosynthetic efficiency of 
photochemical energy conversion in PS II owing to photoinhibitory stress from 
higher irradiance in shallow site. In addition, there was a significant interactive effect 
between time (month) and depths on the effective quantum yield, indicating that 
oscillation in quantum yield (Fm' - F I Fm·) between shallow and deeper water coral 
colonies differed over time. Shallow water corals had a greater alteration in their 
photosynthetic yield likely because their symbiotic dinotlagellates need to respond to 
a greater seasonal change in irradiance, compared with the deeper corals. 
Differences in water column temperature, nutrient availability or ambient irradiance 
directly affect photosynthetic activity in aquatic ecosystems (Gorbunov et al. 2001). 
In this study, temperature exhibited significant positive correlation with effective 
quantum yield only in A YW but not in AMW. A decreased PS 11 efficiency in corals 
exposed to heat had been reported in other physiological studies (Hoegh-Guldberg & 
Jones 1999; Warner et al. 2002). Significant difference in temperature maximal in 
summer between study sites could therefore account for differences in coral 
photosynthetic response in these sites, with apparent contradictory results. In Hong 
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Kong, the maximal seawater temperature is around 30 oc while seawater temperature 
could reach as high as 35 oc in the Caribbean. Heat stress could cause photodamage 
in corals, reducing the photosynthetic efficiency of Caribbean corals during summer. 
During the course of this present study, the sea surface temperature in Hong Kong 
was not anomalously high in summer but the seawater temperature dropped to as low 
as 14 oc in winter 2008, the lowest one in at least the last eight years. This 
temperature is below the survival limit of many corals. This low temperature stress in 
winter may be more critical in affecting the photosynthetic capacity of the corals, 
thus the overall pattern of correlation between photosynthetic yield and seawater 
temperature over the whole study period. 
Although significant negative correlation between salinity and effective quantum 
yield of corals was detected only in AYW, there was a significant positive correlation 
between total rainfall and photosynthetic yield of corals in both the study sites. The 
reason for these relationships is not clear as the immediately effect of salinity change 
would be on the coral hosts, rather than on their symbionts. So total rainfall or 
salinity change is unlikely to directly affect the photosynthetic activity of algal cells 
living inside the corals. But heavy rainfall in summer could have indirect effect in 
increasing the sediment runoff into inshore waters, thus affecting the photosynthetic 
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activities of the coral symbionts through its effect on irradiance. 
The photosynthetic yield correlated negatively with PAR received by the corals but 
positively with mean global solar radiation. In general, higher values of quantum 
yield of corals are consistently noted during periods of low light conditions, whereas 
lower quantum yield occurs in summer months with higher irradiance. Reduced yield 
in summer months reflects the possibility of photoinhibition during period of high 
irradiance (Hoegh-Guldberg & Jones 1999; Warner et al. 2002; Winters et al. 2006). 
However, the actual PAR received by corals is highly affected by water turbidity and 
tidal height. Thus, reduced photosynthetic yield in corals at high irradiance levels 
during summers does not necessarily indicate that there is photoinhibition. Other 
environmental factors (i.e. water turbidity or the amount of suspended particulates) 
may clearly affect the amount of light that actually reaches the coral surface to cause 
a drop in coral photosynthetic capacity. While the significant positive correlation 
between the global solar radiation and photosynthetic yield may indicate the fact that 
increasing level of irradiance will increase the photosynthetic rates of the symbionts, 
before the saturation point is reached (Hoegh-Guldberg & J ones 1999), the 
inconsistent correlations of photosynthetic yield with PAR or ambient irradiance 
suggests that the solar irradiance received by the corals did not match the global light 
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levels measured from the observatory. Water clarity, as related to tidal levels and 
amounts of suspended solids in the water column, should be taken into account to 
obtain a better picture of the relationship between global solar radiation and coral 
photosynthetic yield. Furthermore, the photosynthetic capacity of the symbiotic 
dinoflagellates in corals is also dependent on the zooxanthellae density, chlorophyll 
contents and polyp diameter of respective coral species (Ralph et al. 1999). These 
photophysiological parameters were highly variable in the present study and the 
annual cycle of zooxanthellae density or chlorophyll contents did not correlate well 
with the pattern of photosynthetic yield of the two species of corals studied (data not 
shown). The lack of significant correlation between zooxanthellae density and 
chlorophyll concentration with photosynthetic activities measured by diving PAM 
was also found earlier (Choi 2003). Thus, photosynthetic yield is dependent on a 
number of environmental factors other than the internal physiology of the coral 
symbiont. Thus far, it appears that the annual pattern of photosynthetic yield in the 
corals examined in the present study was better explained by the seasonal cycles of 




2.4.5 Intra-colony variation 
Large coral colonies have different micro-environments (e.g. light exposure and 
current) which would cause intra-colony variation in photophysiological parameters. 
To address this variation, coral tissues from the top (upper) and shaded (basal) 
regions of the Platygyra acuta colonies were additionally collected in AYW starting 
from February 2007. In general, the top and shaded regions of P. acuta in shallow 
water showed no significant differences in the photophysiological parameters 
measured, including seasonal algal density, chlorophyll contents and chlorophyll a to 
c2 ratio. However, the top region of deep water P. acuta colonies contained higher 
zooxanthellae density, compared to their shaded region. Moreover, the shaded 
regions of P. acuta at both depths showed significantly higher photosynthetic yield 
than the top regions but there was no significant difference in the level of PAR 
received by different regions within individual colonies. In addition, there was 
significant interactive effect between time (month) and regions within P. acuta 
colonies in both depths, indicating that fluctuations in all the measured 
photophysiological parameters differed at different times with the top region showing 
greater fluctuations in these parameters than the shaded region within the same 
colony throughout the study period. Moreover, no signs of bleaching within the 
whole colonies of P. acuta at both water depths throughout the whole sampling 
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period were noted. 
Although this was not measured, but temperature is unlikely to differ between the top 
and the basal regions of a coral colony of less than 60 cm in height (the average size 
of · P acuta colonies examined) because of the high thermal capacity of water 
(Hoegh-Guldberg 1999). So other possible conditions (light climate, flow dynamics, 
gas exchange and nutrient availability) would explain the difference in the 
microhabitat between the regions of coral colonies (Ralph et al. 2002). For example, 
the structural heterogeneity of the skeleton and tissue within a coral colony could 
result in variability of the ambient light climate at a fine scale (J.Lm - mm) (Ulstrup et 
al. 2006). Falkowski and Dubinsky ( 1981) first studied the light-shaded adaptation of 
Stylophora pistillata, a hermatypic coral from the Gulf of Eilat. Differences In 
number of zooxanthellae per surface area of light-adapted and shaded-adapted 
regions of the corals were not detected, consistent with the findings of the present 
study. This implies that rearrangement of zooxanthellae population within the coral 
colony is not necessary for maximal light capture at different regions in a colony as 
regions within the massive coral colony usually receives similar amount of irradiance 
as shown in the present study. The shade-adapted corals usually contain more 
chlorophyll a pigmentations than those adapted to high light intensities (Falkowski & 
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Dubinsky 1981; Falkowski et al. 1984). However, the sun-lit regions of the same 
colony did not necessarily contain higher chlorophyll content than the more shaded 
base, as was in the case of P. acuta colonies found in this study. This indicates that 
the light-harvesting ability of photosynthetic units (amount of chlorophyll per cell) in 
zooxanthellae was similar within the same colony of P. acuta as the whole colony 
has adapted physiologically to changes in the light environment. The chlorophyll 
ratio was highly variable owing to the large variation of chlorophyll a and c2 
concentrations over the study period. But in general, the chlorophyll ratios were 
consistent at different regions within the same coral colonies. Differences in 
photosynthetic performance between upper and lower surfaces of individual colonies 
have been shown in several chlorophyll a fluorescence analyses (e.g. Jones et al. 
1998; Ralph et al. 2005). The shaded region of P. acuta had a consistently higher 
photosynthetic yield than the top region, similar to that shown in other studies for 
other coral species (Ralph et al. 1999; Warner et al. 1999; Ulstrup et al. 2006). The 
occurrence of different proportions of genetically distinct symbiotic algae in the 
same coral host was thought to explain the difference in photosynthetic activity 
between locations of a single colony (Rowan & Knowlton 1995). This, however, was 
not supported in the present study as the top and shaded regions of P. acuta colonies 
were found to be associated with only one strain of zooxanthellae belonging to clade 
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C (see Chapter Three for details). Heterogeneity of the physico-chemical 
micro-environment within corals was shown to be largely responsible for different 
photo-acclimation and photo-adaptation responses in different parts of the coral 
colony (Falkowski et al. 1990; Jones et al. 1998; Ralph et al. 2002). Thus, the 
relatively higher photosynthetic capacity observed in the shaded regions of the P. 
acuta colonies in the present study may also be a result of localized 
photo-acclimation and photo-adaptation. Furthermore, shade-adapted corals were 
shown to utilize light more efficiently (Falkowski & Dubinsky 1981 ). The higher 
photosynthetic efficiency found in the lower surface of coral colonies reflected the 
higher absorption of irradiance than the sun-lit top region (Ulstrup et al. 2006). Light 
history is an important factor governing the photosynthetic capacity of an individual 
colony (Ralph et al. 2002). The possibility of higher fluorescence and 
non-radioactive loss in the photosynthetic light reactions could result in lower 
photosynthetic efficiency in the sun-lit top surface of the corals (Falkowski et al. 
1984). 
The top regions of P. acuta at both water depths showed greater oscillation in their 
symbiotic algal density, chlorophyll contents, pigment ratio and effective quantum 
yield than the shaded regions within individual colonies over time. This is likely 
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because of the greater alteration of PAR levels received by the upper regions. The 
sun-lit surface of a colony tends to receive more variable amounts of irradiance 
compared with more consistent amounts received by the shaded regions. Symbiotic 
tissues can become photosynethetically differentiated based on their light history 
(Ralph et al. 2002). This difference in light history induces a heterogenous light 
climate across the colony surface and affects the scattering and trapping of light in 
the tissue and skeleton (Ulstrup et al. 2006) within the coral colony, leading to 
marked differences in the oscillation of photophysiology of coral tissues within 
individual colonies. 
2.4.6 Between species comparison 
The two species, Platygyra acuta and Porites lutea, investigated in this study 
performed differently in their photophysiology. The zooxanthellae density of P. acuta 
was within or above the range reported for other coral species. It remained in its 
normal condition despite the large fluctuation of environmental factors throughout 
the year. It retained its brick red color in winter 2008 under the lowest seawater 
temperature of < 14 oc recorded in the past eight years. This sudden drop in winter 
seawater temperature did not appear to affect the photophysiology of P. acuta. It 
showed high resistance towards coral bleaching. Bleaching, or the paling of 
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zooxanthellate invertebrates, occurs when the densities of zooxanthellae decline and I 
or the concentration of photosynthetic pigments within the zooxanthellae drops 
(reviewed in Glynn 1996). Coral bleaching is the consequence of sudden 
environmental changes (i.e. elevated or reduced seawater temperature, solar radiation 
including UV radiation, a combination of elevated temperature and solar radiation, 
reduced salinity, and bacterial infections) at and above the coral acclimation capacity 
(reviewed in Loya et al. 2001 ). Resistance refers to the ability of individual corals to 
resist bleaching or to survive after they have been bleached (West & Salm 2003 ). The 
high resistance of P. acuta towards bleaching may explain the highest dominance of 
this coral in both study sites in Tung Ping Chau. 
In contrast, visual signs of coral bleaching (the loss of color) were evident in P. lutea 
in winter 2008. The sudden drop of seawater temperature triggered the significant 
decrease in its chlorophyll pigmentation and pigment ratio. When corals bleach they 
commonly lose 60 - 90% of their zooxanthellae and each zooxanthella may lose 50 -
80% of its photosynthetic pigments (Glynn 1996). In the present study, P. lutea lost 
about 55% of its zooxanthellae and each zooxanthella lost about 80% of its 
chlorophyll a pigmentation in response to the drastic drop in winter sea surface 
temperature. The pale appearance of bleached P. lutea was therefore due primarily 
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both to low number of zooxanthellae and reduction in the amount of photosynthetic 
chlorophyll a pigment per zooxanthella. Elevated chlorophyll a levels in bleached 
corals have been reported in many other studies (Hoegh-Guldberg & Smith 1989; 
Fitt et al. 1993; Jones 1997; Brown et al. 1999; Hueerkamp et al. 2001). Such 
increase has been attributed to increasing nutrient concentration available to the 
fewer number of symbiotic algae through decreased competition among them in 
bleached corals (Hoegh-Guldberg & Smith 1989). However, long exposures (more 
than 3 weeks) to reduced sea water temperature ( < 15 °C) led to loss of chlorophyll a 
pigment per zooxanthella co-occuring with a decrease in zooxanthellae population, 
as may have occurred in P. lutea colonies. The significant reduction of chlorophyll a 
concentration was likely the combined effects of lowered temperature and reduced 
level of irradiance in winter. The lowered seawater temperature caused increased 
respiration of the symbiotic dinoflagellates (and corals) and inactivation or damage 
of PS 11 reaction centers. Besides, low-temperature shocks triggered the detachment 
of endodermal cells with the zooxanthellae (and also the chlorophyll pigment) and 
the eventual expulsion of both cell types (Glynn 1996). Low seawater temperature 
caused serious bleaching and mortality of corals in the Arabian Gulf (Coles & 
Fadlallah 1991). The mean daily seawater temperature was 13 oc during the winter 
of 1988 to 1989 when a series of cold fronts passed through the Gulf. Severe 
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mortality of the corals Acropora pharaonis and Platygyra daedalea occurred. 
Previous study also showed colonies of Porites spp. were commonly found to be pale 
in colour during winters in Hong Kong (Choi 2002), coupled with a significant 
decrease in zooxanthellae densities and the chlorophyll a concentrations. Thus, the 
loss of photosynthetic pigment and zooxanthellae density appears to be a natural step 
in cold-water bleaching in nature. Bleaching may be one of the adaptive mechanisms 
for Porites spp. to defend against environmental stresses for successful survival in 
Hong Kong turbid marine environment. 
P. lutea also showed a great capacity for recovery. The ability of recovery in coral 
was related to the degree of zooxanthellae and I or chlorophyll loss during the 
bleaching event (Hueerkamp et al. 2001 ). The bleached P. lutea corals regained their 
symbiotic algae and chlorophyll pigmentation, especially their coloration quickly 
after two months in June 2008. It is amazing to observe that the increase of 
zooxanthellae density after bleaching was as high as 200% whereas each 
zooxanthella regained maximally 800% of chlorophyll a pigment after the bleaching 
event when the seawater temperature warmed up to a higher value of 21 oc in June 
2008. The repopulation of zooxanthellae occurred relatively rapidly in P. lutea and 
the quick cell division of zooxanthellae remaining in the coral after the bleaching 
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event would enhance the recovery of P lutea (Jones & Yellowlees 1997). Thus, P. 
lutea is highly resilient towards the low temperature induced bleaching. Resilience is 
defined as the ability to return to the previous state of diversity and abundance (West 
& Salm 2003). The high ability of P lutea to return to its normal state in a short time 
(two months) could explain the high coverage of this coral species in Tung Ping 
Chau. 
In general, Platygyra acuta had significantly higher values of zooxanthellae 
population, chlorophyll a pigmentation and chlorophyll ratio than Porites lutea over 
the course of this study. Nevertheless, there were no significant differences in 
chlorophyll c2 concentration and effective quantum yield exhibited by either species 
nor was PAR level received by both species different. The similar photosynthetic 
efficiency in these two species under comparable levels of PAR indicates that they 
had similar ability in utilizing light for photosynthesis over the sampling months, 
despite some sign of bleaching exhibited by P lutea in winter 2008. 
Differential susceptibility of corals to bleaching in Okinawa in summer 1998 showed 
clearly that some coral species were 'winners' and others were 'losers' under 
stressful conditions (Loya et al. 2001 ). The difference in vulnerability towards 
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environmental stress could explain the different performances of Platygyra acuta and 
Porites lutea investigated in this study. Several explanations have been put forward 
to account for such differences. One of these is the amount of zooxanthellae living in 
the coral tissue. Species with the highest density of zooxanthellae tended to have 
high survivorship following bleaching (Stimson et al. 2002). As mentioned 
previously (in section 2.4.1 ), the higher amount of zooxanthellae cells per unit 
surface area in P. acuta corals made them more favorable to survive under 
environmental stress. Hence Platygyra acuta is more tolerant than Porites lutea 
under environmental anomaly (low temperature stress in this case). Besides, colony 
morphology could also affect coral susceptibility towards bleaching. It has been 
shown that branched coral species were among the first to bleach and die under 
stressful conditions (reviewed in Stimson et al. 2002). But since both Platygyra 
acuta and Porites lutea are massive corals, which were demonstrated to show low 
mortality based on field observations in Okinawa after the 1998 bleaching event 
(Stimson et al. 2002), colony morphology could not explain the discrepancy in their 
performances. It has been suggested that bleaching vulnerability was related to the 
genetic composition of the symbiotic algae in corals (Rowan et al. 1997). Genetically 
distinct zooxanthellae may exhibit differences in their photosynthetic capacity and 
tolerance towards bleaching conditions (Buddemeier & Fautin 1993; Baker et al. 
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2004). Dinoflagellates of P. acuta colonies were identified seasonally through this 
study by analysis of the restriction fragment length polymorphisms (RFLPs) of their 
large and small subunit rDNAs. These analyses did not find differences in the strain 
of zooxanthellae associated with Platygyra acuta over time, nor between Platygyra 
acuta and Porites lutea (i.e. all belonging to clade C, see Chapter Three). However, 
since the sample collection for P. lutea was done only once and no seasonal sample 
collection was carried out, the probability of shifting I reshuffling of Symbiodinium 
clades before or after the bleaching events in this species could not be ruled out 
(Baker et al. 2004 ). Besides, there is also limitation in the number of genetic markers 
used (large and small subunit rDNA) because 18S- and 28S-rDNA are relatively 
conserved molecules that cannot be used to distinguish the broad subgeneric groups 
or clades of the dinoflagellates (Coffroth & Santos 2005). To detect within-clade 
variation, more variable molecules such as chloroplast 23S-rDNA and ITS regions 
can be used to better improve the result (Coffroth & Santos 2005). Nevertheless, the 
zooxanthellae within Platygyra acuta colonies may be more tolerant to temperature 
stress than the zooxanthellae within Porites lutea, resulting in their differential 
response towards cold temperature shocks. 
Hoegh-Guldberg ( 1999) suggested that differential tissue thickness could affect the 
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susceptibility of coral spectes towards environmentally stressful conditions. He 
speculated that species with deeper tissues are more resistant to bleaching because of 
the photo-protective capacity of the tissue. Tissue thickness of the two species 
examined was measured in this study. The mean ( ± SD) tissue thickness of Platygyra 
acuta and Porites /uta was 0.45 ± 0.03 mm and 0.35 ± 0.03 mm respectively. 
Platygyra acuta had significantly thicker tissue than Porites lutea (Independent 
Samples test: t = 5.870, d. f. = I3, p < 0.00 I). Hence, retraction and self-shading 
should be more effective in thick-tissued Platygyra acuta than in thin-tissued Porites 
lutea, providing better protection for Platygyra acuta during cold temperature stress. 
The bleaching susceptibility of corals is also affected by the retractability of their 
tissue and the degree of tissue exposure to water column stressors (Hueerkamp et al. 
200 I). Tissue retraction is found to be an important mechanism that some species use 
to reduce damage during thermal bleaching event (Brown I997). In a retracted state, 
a large amount of zooxanthellae within the polyp will be self-shaded thus affording 
some protection from water column stressors (Brown et al. I994). Platygyra acuta is 
a massive coral with long and deep-seated valleys while Porites lutea has very small 
corallites (1- I.5 mm) over relatively superficial tissue. Hence the behavior of tissue 
retraction may be different between these two corals and the difference in the degree 
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of tissue retraction may influence the performance of these species under extreme 
environmental conditions. 
The proliferation of marcoalgae in winter to spring also affected the susceptibility of 
corals towards bleaching. In Hong Kong, macroalgae increased in abundance from 
winter to spring when the seawater temperature dropped, with large amount of 
drifting algae usually observed. These macroalgae were commonly composed of 
Ulva lactuca, Colpmenia sinuosa and Hypnea charoides (Choi 2002; Choi 2003). 
The drifting seaweeds tended to cover the coral colonies, causing the polyps to 
remain retracted. The drifting algae also shaded off> 90% of light penetration, hence 
impairing the photosynthetic activity of the zooxanthellae as well as hindering the 
ability of corals to capture food. Moreover, the cushions formed by the drifting 
seaweeds could affect corals by trapping sediments that may smother the coral 
tissues, causing the death of coral species (Quan-Young & Espinoza-Avalos 2006). 
The prolonged cold temperature in winter 2008 further accelerated the overgrowth of 
the drifting algae in the study sites. In Tung Ping Chau, the size of coral colonies of 
Platygyra acuta is usually larger than that of Porites lutea (based on personal 
observation). Hence some small colonies of P lutea were entirely covered by the 
drifting algae, seriously affecting their photosynthetic efficiency. Moreover, the 
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filamentous algae are usually found to be associated with the colonies of P lutea in 
winter. The competition for light between coral and filamentous algae would lower 
the availability of light to corals. Thus, drifting algae and filamentous algae had a 
more profound effect on colonies of Porites lutea rather than on Platygyra acuta. 
This additional and significant effect from seaweeds in winter made coral colonies of 
Porites lutea even more vulnerable to cold temperature stress than Platygyra acuta. 
2.5 Summary 
This study evaluated the field photophysiological performance (zooxanthellae 
density, chlorophylls concentrations and photosynthetic yield) of two dominant 
corals in Hong Kong. It highlighted several novel findings regarding the effects of 
seasonality on photosynthetic parameters of these corals. Firstly, there were seasonal 
changes in the photophysiological parameters (zooxanthellae density, chlorophyll 
concentration and effective quantum yield) of these corals that were probably 
affected by temporal variations in the physical variables of their immediate 
environment. The cold winter seawater temperature and heavy rainfall in summer 
were probably the two main factors affecting their seasonal performance. Secondly, 
the microenvironments within individual colonies became photosynthetically 
differentiated due to difference in their light history, leading to greater degree of 
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oscillation of photophysiology of coral tissues in the sun-lit regions. Thirdly, the high 
resistance and resilience of the dominant corals towards environmentally stressful 
conditions may explain the high coverage of these corals facing environmental 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2- 81 Pearson product-moment correlations I Spearman rank-order 
correlations (marked with *) between temperature and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AYW. Significant correlations (p < 0.05) 
are given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r -0.254 -0.096 0.165 0.074 
Zoox. 
p 0.072 0.497 0.241 0.600 
Density 
N 51 52 52 53 
r -0.436 - 0.534 0.206 0.203 
Chl a 
(pg zoox-1) p 0.001 < 0.001 0.146 0.153 
N 53 53 51 51 
r - 0.456* - 0.504 - 0.015 - 0.173 
Chl C2 
0.001 < 0.001 0.918 0.224 (pg zoox-1) p 
N 53 53 51 51 
r -0.465 - 0.519 0.228 0.133 
Chl a 
(J..Lg cm-2) p 0.001 < 0.001 0.107 0.352 
N 50 52 51 51 
r - 0.274 - 0.519 0.122 - 0.032 
Chl C2 
0.055 < 0.001 0.393 0.824 (J..Lg cm-2) p 
N 50 52 51 51 
Ratio of r -0.158* - 0.303 0.185 0.291 
Chi a : Chl p 0.112 0.112 0.066 0.003 
C2 N 103 103 100 104 
Effective r 0.586 0.502* 0.586 0.597 
quantum p < 0.001 < 0.001 < 0.001 < 0.001 
yield N 53 54 54 54 
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Table 2- 82 Spearman rank-order correlations between temperature and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AMW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r -0.202 -0.186 0.143 0.311 
Zoox. 
p 0.150 0.181 0.313 0.025 
Density 
N 52 53 52 52 
r - 0.513 -0.637 0.042 0.005 
Chi a 
(pg zoox-1) p < 0.001 < 0.001 0.773 0.969 
N 53 52 50 52 
r -0.591 - 0.726 - 0.146 - 0.366 
Chi C2 
< 0.001 < 0.001 0.312 0.008 (pg zoox-1) p 
N 53 52 50 52 
r - 0.633 - 0.542 0.085 0.134 
Chi a 
(JJg cm-2) p < 0.001 < 0.001 0.557 0.344 
N 51 52 50 52 
r - 0.709 - 0.618 - 0.030 0.020 
Chi C2 
< 0.001 < 0.001 0.835 0.891 (~g cm-2) p 
N 51 52 50 52 
Ratio of r - 0.010 0.070 0.132 0.103 
Chi a to Chi p 0.921 0.477 0.192 0.299 
C2 N 104 104 100 104 
Effective r 0.091 0.148 0.046 0.262 
quantum p 0.519 0.285 0.741 0.053 
yield N 53 54 53 55 
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Table 2- 83 Spearman rank-order correlations between salinity and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AYW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r 0.362 0.349 - 0.102 - 0.066 
Zoox. 
p 0.009 0.011 0.470 0.638 
Density 
N 51 52 52 53 
r 0.172 0.197 0.325 0.329 
Chi a 
(pg zoox-1) p 0.219 0.157 0.020 0.018 
N 53 53 51 51 
r 0.221 0.270 0.225 0.208 
Chl C2 
0.111 0.051 0.113 0.143 (pg zoox-1) p 
N 53 53 51 51 
r 0.117 0.363 0.067 0.100 
Chi a 
(Jlg cm-2) p 0.417 0.008 0.642 0.485 
N 50 52 51 51 
r 0.174 0.471 -0.013 0.011 
Chi C2 
0.228 < 0.001 0.928 0.941 (Jlg cm-2) p 
N 50 52 51 51 
Ratio of r - 0.063 0.004 0.118 0.158 
Chi a : Chl p 0.528 0.967 0.243 0.109 
C2 N 103 105 100 104 
Effective r -0.303 - 0.486 - 0.327 - 0.436 
quantum p 0.027 < 0.001 0.016 0.001 
yield N 53 54 54 54 
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Table 2- 84 Spearman rank-order correlations between salinity and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AMW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.054 0.344 0.142 0.108 
Zoox. 
Density 
p 0.705 0.012 0.315 0.445 
N 52 53 52 52 
r 0.524 
Chl a 
0.367 0.585 0.683 
(pg zoox-1) p < 0.001 0.007 < 0.001 < 0.001 
N 53 52 50 52 
r 0.400 0.278 0.230 0.321 
Chl C2 
0.003 0.046 0.108 0.020 (pg zoox-1) p 
N 53 52 50 52 
r 0.483 0.451 0.551 0.597 
Chla 
(J.Lg cm-2) p < 0.001 0.001 < 0.001 < 0.001 
N 51 52 50 52 
r 0.402 0.412 0.312 0.329 
Chl C2 
0.003 0.002 0.027 0.017 (J.Lg cm-2) p 
N 51 52 50 52 
Ratio of r 0.286 0.149 0.440 0.585 
Chl a : Chl p 0.003 0.131 < 0.001 < 0.001 
C2 N 104 104 100 104 
Effective r 0.103 - 0.030 0.122 - 0.066 
quantum p 0.463 0.828 0.385 0.632 
yield N 53 54 53 55 
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Table 2- 85 Spearman rank-order correlations between total rainfall and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AYW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.515 - 0.177 -0.074 - 0.152 
Zoox. 
p < 0.001 0.209 0.602 0.276 
Density 
N 51 52 52 53 
r -0.493 - 0.603 - 0.376 - 0.385 
Chi a 
(pg zoox-1) p < 0.001 < 0.001 0.007 0.005 
N 53 53 51 51 
r - 0.466 - 0.403 -0.503 - 0.719 
Chi C2 
< 0.001 0.003 < 0.001 < 0.001 (pg zoox-1) p 
N 53 53 51 51 
r - 0.526 - 0.655 - 0.194 - 0.212 
Chi a 
(J.Lg cm-2) p < 0.001 < 0.001 0.172 0.136 
N 50 52 51 51 
r - 0.504 - 0.596 -0.276 - 0.427 
Chi C2 
< 0.001 < 0.001 0.050 0.002 (J.Lg cm-2) p 
N 50 52 51 51 
Ratio of r - 0.197 - 0.263 - 0.050 0.015 
Chi a : Chi p 0.046 0.007 0.624 0.877 
C2 N 103 105 100 104 
Effective r 0.320 0.205 0.304 0.273 
quantum p 0.019 0.136 0.027 0.046 
yield N 54 54 53 54 
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Table 2- 86 Spearman rank-order correlations between total rainfall and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AMW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.013 - 0.210 - 0.161 - 0.015 
Zoox. 
Density 
p 0.927 0.132 0.253 0.918 
N 52 53 52 52 
r - 0.594 
Chl a 
- 0.626 - 0.411 - 0.329 
(pg zoox-1) p < 0.001 < 0.001 0.003 0.017 
N 53 52 50 52 
r - 0.536 - 0.553 - 0.435 - 0.609 
Chl C2 
< 0.001 < 0.001 0.002 < 0.001 (pg zoox-1) p 
N 53 52 50 52 
r - 0.564 -0.553 - 0.362 - 0.282 
Chl a 
(f.lg cm-2) p < 0.001 < 0.001 0.010 0.043 
N 51 51 50 52 
r -0.536 - 0.515 -0.400 - 0.407 
Chl C2 
< 0.001 < 0.001 0.004 0.003 (f.lg cm-2) p 
N 51 52 50 52 
Ratio of r - 0.202 - 0.121 - 0.224 - 0.060 
Chl a : Chi p 0.040 0.220 0.025 0.547 
C2 N 104 104 100 104 
Effective r 0.311 0.394 0.207 0.387 
quantum p 0.024 0.003 0.137 0.003 
yield N 53 54 53 55 
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Table 2- 87 Spearman rank-order correlations between photosynthetically active 
radiation (PAR) and photophysiological parameters in shallow and 
deep water Platygyra acuta and Porites lutea in AYW. Significant 
correlations (p < 0.05) are given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.302 -0.247 - 0.330 0.019 
Zoox. 
p 0.055 0.120 0.040 0.906 
Density 
N 41 41 39 43 
r 0.565 0.313 0.119 0.501 
Chl a 
(pg zoox-1) p < 0.001 0.043 0.477 0.001 
N 42 42 38 41 
r 0.526 0.378 0.106 0.694 
Chl C2 
< 0.001 0.013 0.527 < 0.001 (pg zoox-1) p 
N 42 42 38 41 
r 0.163 0.148 - 0.176 -0.094 
Chl a 
(f.lg cm-2) p 0.316 0.348 0.289 0.560 
N 40 42 38 41 
r 0.136 0.183 -0.277 -0.094 
Chl C2 
0.402 0.247 0.093 0.557 (f.lg cm-2) p 
N 40 42 38 41 
Ratio of r 0.113 - 0.185 0.053 0.047 
Chl a : Chl p 0.311 0.092 0.653 0.680 
C2 N 82 84 74 84 
Effective r - 0.594 - 0.247 -0.603 - 0.171 
quantum p < 0.001 0.111 < 0.001 0.273 
yield N 41 43 40 43 
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Table 2- 88 Pearson product-moment correlations I Spearman rank-order 
correlations (marked with *) between photosynthetically active 
radiation (PAR) and photophysiological parameters in shallow and 
deep water Platygyra acuta and Porites lutea in AMW. Significant 
correlations (p < 0.05) are given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.188 -0.429 - 0.254 -0.094 
Zoox. 
p 0.233 0.004 0.114 0.564 
Density 
N 42 44 40 40 
r 0.040* - 0.005 - 0.005 - 0.263* 
Chl a 
(pg zoox-1) p 0.803 0.973 0.978 0.102 
N 42 43 39 40 
r 0.077 - 0.116 0.376 - 0.135* 
Chl C2 
0.630 0.459 0.018 0.405 (pg zoox-1) p 
N 42 43 39 40 
r - 0.361 - 0.257 - 0.154 - 0.262* 
Chl a 
(Jlg cm-2) p 0.020 0.100 0.356 0.102 
N 41 42 38 40 
r -0.240 - 0.241 - 0.005 - 0.203* 
Chl C2 
0.130 0.124 0.978 0.208 (Jlg cm-2) p 
N 41 42 38 40 
Ratio of r - 0.258 0.232 - 0.059* - 0.164* 
Chl a : Chl p 0.018 0.032 0.612 0.145 
C2 N 84 86 77 80 
Effective r - 0.211 - 0.730* - 0.251 - 0.412* 
quantum p 0.185 < 0.001 0.118 0.007 
yield N 41 43 40 42 
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Table 2- 89 Pearson product-moment correlations I Spearman rank-order 
correlations (marked with *) between mean global solar radiation and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AYW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.058 0.073 0.321 0.195 
Zoox. 
Density 
p 0.685 0.607 0.020 0.162 
N 51 52 52 53 
r - 0.539 - 0.611 0.202 0.207 
Chi a 
(pg zoox-1) p < 0.001 < 0.001 0.155 0.145 
N 53 53 51 51 
r 
- 0.561 * -0.587 - 0.056 -0.113 
Chi C2 
< 0.001 < 0.001 0.696 0.431 (pg zoox-1) p 
N 53 53 51 51 
r - 0.429 - 0.467 0.278 0.179 
Chi a 
(~g cm-2) p 0.002 < 0.001 0.048 0.208 
N 50 52 51 51 
r - 0.307 -0.443 0.155 0.061 
Chi C2 
0.030 < 0.001 0.278 0.669 (~g cm-2) p 
N 50 52 51 51 
Ratio of r - 0.096* - 0.163* 0.368* 0.418* 
Chi a : Chi p 0.335 0.098 < 0.001 < 0.001 
C2 N 103 105 100 104 
Effective r 0.586 0.553* 0.618 0.550 
quantum p < 0.001 < 0.001 < 0.001 < 0.001 
yield N 53 54 54 54 
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Table 2- 90 Pearson product-moment correlations I Spearman rank-order 
correlations (marked with *) between mean global solar radiation and 
photophysiological parameters in shallow and deep water Platygyra 
acuta and Porites lutea in AMW. Significant correlations (p < 0.05) are 
given in bold. 
Platygyra acuta Porites lutea 
Shallow Deep Shallow Deep 
r - 0.022 0.026 0.210 0.374 
Zoox. 
p 0.878 0.856 0.136 0.006 
Density 
N 52 53 52 52 
r - 0.439 - 0.513 0.101 0.073 
Chla 
(pg zoox-1) p 0.001 < 0.001 0.485 0.609 
N 53 52 50 52 
r - 0.563 -0.644 - 0.072 - 0.183 
Chl C2 
< 0.001 < 0.001 0.620 0.194 (pg zoox-1) p 
N 53 52 50 52 
r - 0.411 -0.349 0.163 0.235 
Chl a 
(f.!g cm-2) p 0.003 0.011 0.259 0.094 
N 51 52 50 52 
r - 0.582 - 0.489 0.083 0.178 
Chl C2 
< 0.001 < 0.001 0.564 0.206 (f.!g cm-2) p 
N 51 52 50 52 
Ratio of r 0.194* 0.270* 0.205* 0.161 * 
Chl a : Chl p 0.048 0.006 0.040 0.103 
C2 N 104 104 100 104 
Effective r 0.296* 0.206* 0.094* 0.302* 
quantum p 0.032 0.136 0.504 0.025 
yield N 53 54 53 55 
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Figure 2- 1 The Underwater Pulse Amplitude Modulated (PAM) Fluorometer. 
One of the probes (A) was used for the emission of the pulse light 
and the detection of the fluorescence. The other (B) was for the 
measurement of the PAR. The effective quantum yield and the 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/ Month 
• Shallow (F = 7.288, df= 50,p < 0.001) 
--o- Deep (F= 10.237,df=5l,p<0.001) 
Figure 2- 2 Bimonthly change in the mean (± S.D.) zooxanthellae density in 
colonies of Platygyra acuta collected in A Ye Wan (AYW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) indicate significant differences in the mean 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (Chi-square = 32.766, df= IO,p < 0.001) 
--o- Deep (Chi-square = 35.190, df= lO,p < 0.001) 
Figure 2- 3 Bimonthly change in the mean (± S.D.) zooxanthellae density in 
colonies of Platygyra acuta collected in A Ma Wan (AMW) from 
October 2006 to June 2008. Results of Kruskal Wallis Test (with 
Chi-square value and df given) indicate significant differences in the 
mean zooxanthellae density of Platygyra acuta between months. 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (F = 7.681 , df= 5I , p < 0.001) 
--o-- Deep (F = 7. 728, df = 50, p < 0.001) 
Figure 2- 4 Bimonthly change in the mean (± S.D.) zooxanthellae density in 
colonies of Porites lutea collected in A Ye Wan (AYW) from October 
2006 to June 2008. Results of One-way ANOVA (with F value and df 
given) indicate significant differences in the mean zooxanthellae 
density of Porites lutea between months. 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (F=6.199,df=51,p<0.001) 
--o- Deep (Chi-square = 30.101, df= 10,p = 0.001) 
Figure 2- 5 Bimonthly change in the mean (± S.D.) zooxanthellae density in 
colonies of Porites lutea collected in A Ma Wan (AMW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) or Kruskal Wallis Test (with Chi-square value and 
df given) indicate significant differences in the mean zooxanthellae 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time /Month 
• Chl a- Shallow (F = 12.311, df= 52,p < 0.001) 
-o- Chl c2- Shallow (Chi-square = 32.450, df= 10,p < 0.001) 
• Chl a- Deep (F = 15.053, df= 52,p < 0.001) 
--6-- Chl c2 - Deep (F = 10.794, df = 52, p < 0.001) 
Figure 2- 6 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (pg zoox-1) in colonies of Platygyra acuta collected in 
A Ye Wan (AYW) from October 2006 to June 2008. Results of 
One-way ANOVA (with F value and df given) and Kruskal Wallis 
Test (with Chi-square value and df given) indicate significant 
differences in the mean chlorophyll pigment concentration (pg zoox-1) 




AMW - Platygyra acuta 
~ 














6 .... ~ 
-~ 





-= 2 u 
0 
08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Chl a- Shallow (F = 23.870, df= 52, p < 0.001) 
~ Chl c2- Shallow (Chi-square = 38.670, df= 10,p < 0.001) 
Y Chl a- Deep (Chi-square = 42.826, df= lO,p < 0.001) 
~ Chl c2- Deep (F = 8.723, df= 51,p < 0.001) 
Figure 2- 7 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (pg zoox-1) in colonies of Platygyra acuta collected in 
A Ma Wan (AMW) from October 2006 to June 2008. Results of 
One-way ANOVA (with F value and df given) and Kruskal Wallis 
Test (with Chi-square value and df given) indicate significant 
differences in the mean chlorophyll pigment concentration (pg zoox-1) 




































08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Chi a- Shallow (Chi-square = 44.645, df= 10,p < 0.001) 
-o- Chl c2- Shallow (F = 7.612, df= 50,p < 0.001) 
• Chl a- Deep (Chi-square = 43.886, df= 10,p < 0.001) 
--t::r- Chl c2- Deep (Chi-square = 39.417, df = 10,p < 0.001) 
Figure 2- 8 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (pg zoox-1) in colonies of Porites lutea collected in A 
Ye Wan (AYW) from October 2006 to June 2008. Results of 
One-way ANOVA (with F value and df given) and Kruskal Wallis 
Test (with Chi-square value and df given) indicate significant 
differences in the mean chlorophyll pigment concentration (pg zoox-1) 
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AMW - Porites lutea 
0+-------~------~------~~------~------~------~ 
08/06 12/06 04/07 08/07 12/07 04/08 
Time I Month 
• Chl a- Shallow (Chi-square = 44.402, df= 10,p = 0.001) 
-o- Chl c2- Shallow (Chi-square = 28.507, df= 10,p = 0.001) 
Y Chl a- Deep (Chi-square = 41.883, df= 10,p = 0.001) 
~ Chl c2- Deep (F = 8.288, df= 51 , p < 0.001) 
08/08 
Figure 2- 9 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (pg zoox-1) in colonies of Porites lutea collected in A 
Ma Wan (AMW) from October 2006 to June 2008. Results of 
One-way ANOVA (with F value and df given) and Kruskal Wallis 
Test (with Chi-square value and df given) indicate significant 
differences in the mean chlorophyll pigment concentration (pg zoox-1) 
























08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Chl a- Shallow (F = 11.337, df= 49,p < 0.001) 
~ Chl c2 -Shallow (Chi-square = 32.037, df= 10,p < 0.001) 
• Chl a- Deep (F = 25.189, df= 51,p < 0.001) 
-1::r- Chl c2- Deep (F = 20.431, df= 51 ,p < 0.001) 
Figure 2- 10 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (J.tg cm-2) in colonies of Platygyra acuta collected in A 
Ye Wan (AYW) from October 2006 to June 2008. Results of 
One-way AN OVA (with F value and df given) or Kruskal Wallis Test 
(with Chi-square value and df given) indicate significant differences 
in the mean chlorophyll pigment concentration (J.tg cm-2) of Platygyra 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Chl a- Shallow (F = 19.458, df= 50,p < 0.001) 
~ Chl c2- Shallow (F = 10.144, df= 50,p < 0.001) 
Y Chi a - Deep (Chi-square = 36.383, df = 10, p < 0.001) 
-1:::r- Chi c2- Deep (Chi-square = 30.749, df= 10,p < 0.001) 
Figure 2- 11 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (J.lg cm-2) in colonies of Platygyra acuta collected in A 
Ma Wan (AMW) from October 2006 to June 2008. Results of 
One-way ANOVA (with F value and df given) or Kruskal Wallis Test 
(with Chi-square value and df given) indicate significant differences 
in the mean chlorophyll pigment concentration (J.lg cm-2) of Platygyra 




























08/06 12/06 04/07 08/07 12/07 04/08 
Time/Month 
• Chl a- Shallow (Chi-square = 43.906, df= 10, p < 0.001) 
-o- Chl c2- Shallow (Chi-square = 33.681 , df= 10,p < 0.001) 
• Chl a- Deep (Chi-square = 41.219, df= 10, p < 0.001) 
--6---- Chl c2- Deep (Chi-square = 32.255, df= 10, p < 0.001) 
08/08 
Figure 2- 12 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (J.tg cm-2) in colonies of Porites lutea collected in A Ye 
Wan (AYW) from October 2006 to June 2008. Results of One-way 
ANOVA (with F value and df given) or Kruskal Wallis Test (with 
Chi-square value and df given) indicate significant differences in the 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Chi a - Shallow (Chi-square = 42.804, df = 10, p = 0.001) 
-o- Chi c2- Shallow (Chi-square = 34.870, df= 10,p = 0.001) 
• Chl a- Deep (F = 12.983, df= 51 , p < 0.001) 
--l::r- Chl c2- Deep (F = 8.629, df= 51,p < 0.001) 
Figure 2- 13 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (J.Lg cm-2) in colonies of Porites lutea collected in A Ma 
Wan (AMW) from October 2006 to June 2008. Results of One-way 
ANOVA (with F value and df given) or Kruskal Wallis Test (with 
Chi-square value and df given) indicate significant differences in the 


















08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (Chi-square = 44.296, df= 10,p < 0.001) 
-o- Deep (Chi-square = 73.808, df= 10,p < 0.001) 
Figure 2- 14 Bimonthly change in the mean(± S.D.) chlorophyll ratio in colonies 
of Platygyra acuta collected in A Ye Wan (AYW) from October 2006 
to June 2008. Results of Kruskal Wallis Test (with Chi-square value 
and df given) indicate significant differences in the mean chlorophyll 























08/06 12/06 04/07 08/07 12/07 04/08 
Time/Month 
• Shallow (Chi-square = 68.257, df= lO, p < 0.001) 
--o- Deep (Chi-square = 75.980, df= IO,p < 0.001) 
08/08 
Figure 2- 15 Bimonthly change in the mean (± S.D.) chlorophyll ratio in colonies 
of Platygyra acuta collected in A Ma Wan (AMW) from October 
2006 to June 2008. Results of Kruskal Wallis Test (with Chi-square 
value and df given) indicate significant differences in the mean 
chlorophyll ratio of Platygyra acuta between months. 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (Chi-square = 77.179, df= 10, p < 0.001) 
~ Deep (Chi-square = 79.596, df= 10,p < 0.001) 
Figure 2- 16 Bimonthly change in the mean(± S.D.) chlorophyll ratio in colonies 
of Porites lutea collected in A Ye Wan (AYW) from October 2006 to 
June 2008. Results of Kruskal Wallis Test (with Chi-square value and 
df given) indicate significant differences in the mean chlorophyll 

















AMW - Porites lutea 
0+-------~------~------~~------~------~------~ 
08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time/ Month 
• Shallow (Chi-square = 82.367, df = 10, p < 0.001) 
-o- Deep (Chi-square = 71.613, df = 10, p < 0.001) 
Figure 2- 17 Bimonthly change in the mean (± S.D.) chlorophyll ratio in colonies 
of Porites lutea collected in A Ma Wan (AMW) from October 2006 
to June 2008. Results of Kruskal Wallis Test (with Chi-square value 
and df given) indicate significant differences in the mean chlorophyll 




A YW - Platygyra acuta 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Shallow (Chi-square = 46.I45, df = I 0, p < 0.00 I) 
--o- Deep (Chi-square = 46.050, df= lO, p < 0.001) 
Figure 2- 18 Bimonthly change in the mean (± S.D.) effective quantum yield 
measured on colonies of Platygyra acuta in A Ye Wan (AYW) from 
October 2006 to June 2008. Results of Kruskal Wallis Test (with 
Chi-square value and df given) indicate significant differences in the 
mean effective quantum yield of Platygyra acuta between months. 




AMW - Platygyra acuta 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (Chi-square = 45.742, df= 1 O, p <0.001) 
-o- Deep (F = 127.849, df= 53,p < 0.001) 
Figure 2- 19 Bimonthly change in the mean (± S.D.) effective quantum yield 
measured on colonies of Platygyra acuta in A Ma Wan (AMW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) and Kruskal Wallis Test (with Chi-square value 
and df given) indicate significant differences in the mean effective 
quantum yield of Platygyra acuta between months. (Note: Missing 


















08/06 12/06 04/07 08/07 12/07 
Time/Month 
• Shallow (F = 51.177, df= 53, p < 0.001) 
--o- Deep (Chi-square = 49.396, df= lO,p < 0.001) 
04/08 08/08 
Figure 2- 20 Bimonthly change in the mean (± S.D.) effective quantum yield 
measured on colonies of Porites lutea in A Ye Wan (AYW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) and Kruskal Wallis Test (with Chi-square value 
and df given) indicate significant differences in the mean effective 
quantum yield of Porites lutea between months. (Note: Missing data 
on February 2007.) 
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AMW - Porites lutea 
1.0 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/ Month 
• Shallow (F = 44.552, df = 52, p < 0.001) 
-o- Deep (Chi-square = 43.219, df= 10,p < 0.001) 
Figure 2- 21 Bimonthly change in the mean (± S.D.) effective quantum yield 
measured on colonies of Porites lutea in A Ma Wan (AMW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) and Kruskal Wallis Test (with Chi-square value 
and df given) indicate significant differences in the mean effective 
quantum yield of Porites lutea between months. (Note: Missing data 























08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Shallow (Chi-square = 35.534, df= 8, p < 0.001) 
--o- Deep (F = 3.321 , df= 42,p < 0.001) 
Figure 2- 22 Bimonthly change in the mean (± S.D.) photosynthetically active 
radiation (PAR) measured over colonies of Platygyra acuta in A Ye 
Wan (AYW) from February 2007 to June 2008. Results of One-way 
ANOVA (with F value and df given) or Kruskal Wallis Test (with 
Chi-square value and df given) indicate significant differences in the 























08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Shallow (Chi-square = 21.369, df= 8, p < 0.001) 
---o- Deep (Chi-square = 34.345, df= 8, p < 0.001) 
Figure 2- 23 Bimonthly change in the mean (± S.D.) photosynthetically active 
radiation (PAR) measured over colonies of Platygyra acuta in A Ma 
Wan (AMW) from February 2007 to June 2008. Results of Kruskal 
Wallis Test (with Chi-square value and df given) indicate significant 
differences in the mean PAR measured between months. 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Shallow (Chi-square = 24.173, df= 8, p < 0.001) 
-o- Deep (Chi-square = 27.257, df= 8, p < 0.001) 
Figure 2- 24 Bimonthly change in the mean (± S.D.) photosynthetically active 
radiation (PAR) measured over colonies of Porites lutea in A Ye Wan 
(AYW) from February 2007 to June 2008. Results of Kruskal Wallis 
Test (with Chi-square value and df given) indicate significant 
differences in the mean PAR measured between months. 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/Month 
• Shallow (Chi-square = 27.909, df= 8, p < 0.001) 
--o- Deep (Chi-square = 31.195, df = 8, p < 0.001) 
Figure 2- 25 Bimonthly change in the mean (± S.D.) photosynthetically active 
radiation (PAR) measured over colonies of Porites lutea in A Ma Wan 
(AMW) from February 2007 to June 2008. Results of Kruskal Wallis 
Test (with Chi-square value and df given) indicate significant 





























08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time I Month 
• Top Region (F = 7.288, df= 50,p < 0.001) 
-o- Shaded Region (F = 7 .312, df = 36, p < 0.001) 
Figure 2- 26 Bimonthly change in the mean (± S.D.) zooxanthellae density in the 
top and shaded regions of shallow water Platygyra acuta colonies 
collected in A Ye Wan (AYW) from October 2006 to June 2008. 
Results of One-way ANOVA (with F value and df given) indicate 
significant differences in the mean zooxanthellae density of 


































08/2006 12/2006 04/2007 08/2007 12/2007 
Time I Month 
• Top Region (F= 10.237, df=5l,p<0.001) 
-o- Shaded Region (F = 7.323, df= 38, p < 0.001) 
Chapter Two 
04/2008 08/2008 
Figure 2-27 Bimonthly change in the mean(± S.D.) zooxanthellae density in the 
top and shaded regions of deep water Platygyra acuta colonies 
collected in A Ye Wan (AYW) from October 2006 to June 2008. 
Results of One-way ANOVA (with F value and df given) indicate 
significant differences in the mean zooxanthellae density of 
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08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time/Month 
• Top Region- Chi a (F = 12.311, df= 52,p < 0.001) 
~ Top Region- Chi c2 (Chi-square = 32.450, df= 10,p < 0.001) 
'9 Shaded Region- Chi a (F = 11.124, df= 37, p < 0.001) 
-t:r- Shaded Region -Chi c2 (F = 9.501, df= 37, p < 0.001) p < 0.001) 
Figure 2- 28 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (pg zoox -t) in the top and shaded regions of shallow 
water Platygyra acuta colonies collected in A Ye Wan (AYW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) or Kruskal Wallis Test (with Chi-square value and 
df given) indicate significant differences in the mean chlorophyll 







































08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time I Month 
• Top Region- Chi a (F = 15.053, df= 52, p < 0.001) 
-o- Top Region- Chi c2 (F = 10.794, df= 52,p < 0.001) 
Y Shaded Region- Chi a (Chi-square = 29.766, df= 7,p < 0.001) 
~ Shaded R~gion- Chi c2 (Chi-square = 27.872, df= 7,p < 0.001) 
Figure 2- 29 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (pg zoox-1) in the top and shaded regions of deep water 
Platygyra acuta colonies collected in A Ye Wan (AYW) from October 
2006 to June 2008. Results of One-way AN OVA (with F value and df 
given) or Kruskal Wallis Test (with Chi-square value and df given) 
indicate significant differences in the mean chlorophyll pigment 
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08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time/Month 
• Top Region- Chi a (F = 11.337, df= 49,p < 0.001) 
~ Top Region- Chi c2 (Chi-square = 32.037, df= 10,p < 0.001) 
• Shaded Region- Chi a (F = 10.853, df= 37,p < 0.001) 
--6--- Shaded Region- Chi c2 (F = 9.268, df= 37,p < 0.001) 
Figure 2- 30 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (Jlg cm -2) in the top and shaded regions of shallow 
water Platygyra acuta colonies collected in A Ye Wan (AYW) from 
October 2006 to June 2008. Results of One-way ANOVA (with F 
value and df given) or Kruskal Wallis Test (with Chi-square value and 
df given) indicate significant differences in the mean chlorophyll 


























08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time I Month 
• Top Region- Chi a (F = 25.189, df= 51 , p < 0.001) 
-o- Top Region- Chi c2 (F = 20.431, df= 51,p < 0.001) 
• Shaded Region- Chl a (Chi-square = 27.181 , df= 7, p < 0.001) 
--6---- Shaded Region- Chl c2 (Chi-square = 27.187, df= 7, p < 0.001) 
Figure 2- 31 Bimonthly change in the mean (± S.D.) chlorophyll pigment 
concentration (Jlg cm -2) in the top and shaded regions of deep water 
Platygyra acuta colonies collected in A Ye Wan (AYW) from October 
2006 to June 2008. Results of One-way AN OVA (with F value and df 
given) or Kruskal Wallis Test (with Chi-square value and df given) 
indicate significant differences in the mean chlorophyll pigment 





















08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 
Time I Month 
• Top Region (Chi-square = 44.296, df = 10, p < 0.001) 
-o- Shaded Region (Chi-square = 31.700, df= 7, p < 0.001) 
08/2008 
Figure 2- 32 Bimonthly change in the mean (± S.D.) chlorophyll ratio in the top 
and shaded regions of shallow water Platygyra acuta colonies 
collected in A Ye Wan (AYW) from October 2006 to June 2008. 
Results of Kruskal Wallis Test (with Chi-square value and df given) 
indicate significant differences in the mean chlorophyll ratio of 




















08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 
Time/Month 
• Top Region (Chi-square = 73.808, df= 10,p < 0.001) 
-o- Shaded Region (Chi-square = 31.155, df= 7,p < 0.001) 
08/2008 
Figure 2- 33 Bimonthly change in the mean (± S.D.) chlorophyll ratio in the top 
and shaded regions of deep water Platygyra acuta colonies collected 
in A Ye Wan (AYW) from October 2006 to June 2008. Results of 
Kruskal Wallis Test (with Chi-square value and df given) indicate 
significant differences in the mean chlorophyll ratio of Platygyra 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Top Region (Chi-square = 46.145, df = 10, p < 0.001) 
~ Shaded Region (Chi-square = 29.022, df= 7, p < 0.001) 
Figure 2- 34 Bimonthly change in the mean (± S.D.) effective quantum yield 
measured on the top and shaded regions of shallow water Platygyra 
acuta colonies in A Ye Wan (AYW) from October 2006 to June 2008. 
Results of Kruskal Wallis Test (with Chi-square value and df given) 
indicate significant differences in the mean effective quantum yield 
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08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Top Region (Chi-square = 46.050, df= 10,p < 0.001) 
--o- Shaded Region (Chi-square = 34.091, df= 7,p < 0.001) 
Figure 2- 35 Bimonthly change in the mean (± S.D.) effective quantum yield 
measured on the top and shaded regions of deep water Platygyra 
acuta colonies in A Ye Wan (AYW) from October 2006 to June 2008. 
Results of Kruskal Wallis Test (with Chi-square value and df given) 
indicate significant differences in the mean effective quantum yield 
























08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time/ Month 
• Top Region (Chi-square = 35.534, df= 8,p < 0.001) 
--o- Shaded Region (Chi-square = 21.684, df= 7, p = 0.003) 
Figure 2- 36 Bimonthly change in the mean (± S.D.) photosynthetically active 
radiation (PAR) measured on the top and shaded regions of shallow 
water Platygyra acuta colonies in A Ye Wan (AYW) from February 
2007 to June 2008. Results of Kruskal Wallis Test (with Chi-square 
value and df given) indicate significant differences in the mean PAR 























08/06 12/06 04/07 08/07 12/07 04/08 08/08 
Time I Month 
• Top Region (F = 3.321 , df= 42, p < 0.001) 
-o- Shaded Region (Chi-square = 23.912, df= 7, p = 0.001) 
Figure 2- 37 Bimonthly change in the mean (± S.D.) photosynthetically active 
radiation (PAR) measured on the top and shaded regions of deep 
water Platygyra acuta colonies in A Ye Wan (AYW) from February 
2007 to June 2008. Results of One-way AN OVA (with F value and df 
given) or Kruskal Wallis Test (with Chi-square value and df given) 




Figure 2- 38 Two pictures showing the colour of Platygyra acuta in summer 2007 
(upper) and in winter 2008 (lower). The PVC pipe was used as a 
reference for better colour comparison. 
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Figure 2- 39 Two pictures showing the colour of Porites lutea in summer 2007 
(upper) and in winter 2008 (lower). The PVC pipe was used as a 
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Figure 2- 40 Monthly mean (± S.D.) seawater temperature, with mean daily 
maximum and minimum seawater temperature in (A.) AYW and (B.) 
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08/2006 12/2006 04/2007 08/2007 12/2007 04/2008 08/2008 
Time I Month 
Figure 2- 41 Monthly mean(± S.D.) salinity recorded in (A.) AYW and (B.) AMW 
from October 2006 to June 2008. (Note: The measurements were 
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Figure 2- 42 (A.) Total rainfall and (B.) mean daily global solar radiation for Hong 





PCR-RFLP Analysis on Symhiodinium in Platygyra acuta 
. 3.1 Introduction 
Tropical reef-building corals maintain mutualistic symbiosis with photosynthetic 
dinoflagellates of the genus Symbiodinium. This genus is currently recognized to 
consist of at least eight highly divergent phylogenetic clades (A to H) (reviewed in 
Rowan 1998; Baker 2003a; Pochon et al. 2006) and each clade consists of numerous 
"types" or "multiple subclades" that are distinguishable genetically, ecologically, and 
biogeographically (reviewed in Baker 2003a). Environmental variability is the 
primary factor driving the distribution and zonation of Symbiodinium strains among 
the coral hosts. 
Latitudinal and longitudinal variation in host-symbiont pairings has been observed. 
For example, Symbiodinium clades A, B, and I or F are more common at higher 
latitudes worldwide while clade C is more abundant in tropical regions (Baker 
2003a). Besides, Symbiodinium clades A and B are commonly associated with 
Caribbean scleractinian corals, whereas Pacific hosts associate predominantly with 




Different zooxanthellae clades may have differential competitive advantage under 
different environmental conditions, such as temperature and irradiance (Buddemeier 
& Fautin 1993). For instance, clade A and B symbionts were found in shallow water 
(less than 6m) while clade C was common in deeper water scleratinian corals 
(Rowan & Knowlton 1995). This kind of irradiance-related patterns of clade zonation 
was also observed within individual coral colonies on sunlit and shaded surfaces 
(Rowan et al. 1997; van Oppen et al. 2001; Ulstrup & van Oppen 2003). 
Temperature differences also affect the host-Symbiodinium specificity in which clade 
D zooxanthellae appear to be resistant to a wide array of environmental stresses (e.g. 
low and high temperatures) (Toller et al. 2001 b; Chen et al. 2003; Rowan 2004; 
Berkelmans & van Oppen 2006). On high latitude reef systems, corals may 
experience higher water temperature and levels of irradiance in summer, and lower 
temperature and levels of irradiance in winter, making the symbiotic dinoflagellates 
in these corals more sensitive to changes in light and temperature (Jones et al. 1998; 
Hoegh-Guldberg & Jones 1999). 
Environmental variation also creates seasonal variation in symbiont communities. 
Page 242 
Chapter Three 
Population surveys of Acropora palifera in southern Taiwan documented a 
significant change in symbiont compositions between Symbiodinium clades C and D 
on a seasonal basis, being more dominated by D-type in summer with higher 
seawater temperature (Chen et al. 2005a). The predictable seasonal dynamics of 
symbiotic dinoflagellates have not been documented in corals from Bahamas with 
less variable environments (Thornhill et al. 2006). Hence shifts between symbiont 
populations are very important in corals living under highly variable environmental 
conditions. 
Even with evidence of variation in host specificity for zooxanthellae clades with 
respect to physical changes in the environment (Baker 2003a), few long-term studies 
of symbiont population change have been reported (Chen et al. 2005a; Thornhill et al. 
2006). The question as to whether the identity of the symbiotic dinoflagellates 
remains the same in their coral host from season to season and from year to year is of 
great interest. Southern China is one of the few regions in the world where expansion 
of reef coral distribution is likely to occur if the present trend of global climate 
change continues. Yet, information on the distribution and diversity of Symbiodinium 
in corals in the South China Sea region are wanting (Figure 3-1 ). Therefore, more 
studies are clearly needed to give a complete picture on the phylogentic information 
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of the zooxanthellae in this part of the world that is characterized with contrasting 
environmental conditions throughout the year. 
Hong Kong is centrally located in the northern South China Sea region. While reef 
coral distribution is not extensive, coral communities found in Hong Kong are 
characteristic for this region. The seasonal dynamics of Symbiodinium phylotypes in 
the dominant coral species in Hong Kong, Platygyra acuta, were therefore 
investigated over a 19 month period from October 2006 to April 2008 with an aim to 
fill up the information gap on Symbiodinium phylotypes in corals in the South China 
Sea Region. 
3.2 Methods and Materials 
3.2.1 Sample collection 
The massive coral, Platygyra acuta (see Chapter One for detailed description), 
represents one of the most dominant coral species found in A Ye Wan in Hong Kong 
Tung Ping Chau Marine Park. In order to examine the spatial variability in 
Symbiodinium phylotypes within individual colonies of P. acuta, coral cores from the 
apex (top) as well as shaded (basal) regions of five haphazardly chosen coral 
colonies were collected seasonally in both shallow (-lm CD) and deep water regions 
Page 244 
Chapter Three 
(-3m CD) of AYW from October 2006 to April 2008. The coral samples were 
preserved in 95% ethanol immediately after collection for later molecular 
phylotyping. 
3.2.2 Molecular phylotyping 
Molecular phylotypes defined by Rowan (1991), Rowan & Knowlton (1995), and 
Chen et al. (2005a, b) were used to identify the symbiotic dinoflagellates associated 
with Platygyra acuta. The coral tissues (approximately 300-400 mg wet weight) 
were grounded into a fine powder in liquid nitrogen. The tissues were then extracted 
using 200~llysis buffer ( 1 M Tris-boric, 0.5M EDTA, 20% SDS, 5M NaCl) and 20~1 
Proteinase K (10mg/ml) at 50 - 55 °C. After overnight incubation, ribonuclease A 
(RNase A) was added to remove RNA and the samples were incubated at 37 oc for 
another 1.5 hours. Subsequently, 200~1 of 7M NaCl was added and samples were 
incubated for a further 10 minutes. DNA was precipitated with absolute ethanol 
(1 00%) and then collected using collection tube. DNA was reprecipitated further 
with 70% of ethanol. Finally, precipitated DNA was resuspended in 1 00~1 aliquots of 
TE buffer and stored at -20 °C. 
Two sets of genetic markers, nuclear small subunit ribosomal DNA (nssrDNA) and 
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nuclear large subunit ribosomal DNA (nlsrDNA), were used to assay the 
zooxanthellae phylotypes. nssrDNA and nlsrDNA were used to classify the four 
basic genotypes defined by Rowan & Powers (1991), Rowan & Knowlton (1995), 
and Toller et al. (2001a). nssrDNA was obtained by PCR amplification with a 
phylogenetically biased ("zooxanthella specific") primer (ss5z: 5'- GGTTGATCCTG 
CCAGTAGTCATATGCTTG -3', and ss3z: 5'- AGCACTGCGTCAGTCCGAATA-
ATTCACCGG -3'). The host-excluding PCR primers were used to avoid the 
contamination from the host DNA. The PCR was performed in a PTC-200 DNA 
Engine Cycler (Bio-rad Laboratories Inc., Foster City, USA), using the following 
thermal cycles: 25 cycles at 94oC (30 s), 50oC (1 min), and 72oC (2 min) and lastly 
extension at 72oC for 8 min. The amplification reaction mixture contained 1 x Buffer, 
0.2mM dNTPs, 0.3J.1M primers, 1xTaq polymerase J.lr1 and 3mM MgCh. Amplified 
nssrDNA was then digested with the restriction enzymes Sau 3A I and with Taq I, 
which differentiate four Symbiodinium phylotypes, A, B, C, and D (Baker 2003a). 
The 5' -end of the nlsrDNA was amplified using a host-excluding primer pair (SS: 
5'-GCCGACCCGCTGAATTCAAGCATAT-3', and D23zoox: 5'-TGTGGCAYGT 
GACGCGCAAGCTAAG-3'). The reaction mixture was the same as that of the 
nssrDNA. The PCR was carried out in a PTC-200 DNA Engine Cycler (Bio-rad 
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Laboratories Inc., Foster City, USA), using the following thermal cycles: 1 cycle at 
95oC (3 min); 5 cycles at 94oC (30 s), 50oC (1 min), and 72oC (2 min); 25 cycles at 
94 oC (30 s ), 50oC ( 1 min), and 72oC (2 min) and lastly extension at 72oC for 10 min. 
Amplified nssrDNA was then digested with the restriction enzymes Rsa I. All the 
digestion products were visualized with UV transillumination by electrophoresis on 
1% agarose (FMC Bioproduct) gel in 1 xTAE buffer stained with ethidium bromide 
to check for the yield. 
3.3 Results 
In total, 120 sets of symbionts from the top and basal regions of Platygyra acuta 
were extracted throughout the sampling period. Analysis of the seasonal 
photosynthetic activity of the coral tissues clearly indicated that the basal regions at 
both depths showed significantly higher photosynthetic yield than the top regions. 
Other than this, however, the two regions did not show much difference in the other 
photophysiological parameters examined (See Chapter Two, section 2.4.5 for more 
details). 
PCR amplification of symbiotic dinoflagellates 18S rDNA genes from all colonies 
using ss5z I ss3z primer pair yielded a DNA fragment of approximately 1600 bp 
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while PCR amplification of nlsrDN A from symbionts using 5 S I D23 zoox primer 
pair produced a DNA fragment of approximately 600 bp (data not shown). 
Restriction enzyme analysis of PCR-amplified symbiont DNA from P. acuta 
documented consistent RFLP patterns in all samples (N = 120), regardless of whether 
they were from the top or basal surface of the colony. Restriction enzyme digestion 
of the amplified P. acuta symbiont DNA with Taq I produced two discernible RFLP 
fragments, approximately 890 and 710 bp in length (Figure 3-2). Sau 3A I digestion 
of the amplified DNA yielded fragments of approximately 865, 500 and 200 bp from 
zooxanthellae at the top and basal regions of the colonies (Figure 3-3). Because of 
the limitations of the agarose gels, fragments which are smaller than 200 bp in length 
could not be observed in Sau 3A I digestions (Chen et al. 2003). Restriction digestion 
of nlsrDNA using Rsa I produced an RFLP pattern consisting of two fragments of 
320 and 200 bp (Figure 3-4). The three RFLP profiles were consistent with the 
fragment sizes reported by Rowan & Powers ( 1991) for zooxanthellae belonging to 
clade C, following digestions by the same sets of enzymes. Within three genotypes of 
Symbiodinium clade C, the three RFLP profiles observed in this study were identical 
to the RFLP patterns in genotype clade C 1 (Baker et al. 1997; Yu et al. 2000). From 
the RFLP patterns, it is concluded that Symbiodinium clade C 1 was associated with 




In this study, the seasonal variation in zooxanthellae diversity within individual 
Platygyra acuta colonies over a 19 month period was examined. Of the 120 
zooxanthellae extracts, the host Platygyra acuta was found to be harboring 
Symbiodinium subclade C 1, forming a stable association throughout the sampling 
period. In addition, no apparent seasonal changes in zooxanthellae diversity at the 
cladallevel was detected between the top and basal regions of the same hosts, despite 
the significant difference in the photosynthetic activity of the coral tissues recorded 
between the two regions (see related discussion in Chapter Two section 2.4.5). 
This result from molecular phylotyping showing Symbiodinium clade C to be the 
dominant zooxanthellae associated with P. acuta supports the finding that 
Symbiodinium clade C is the maJor clade of zooxanthellae associated with 
scleractinian corals in the Pacific (Baker & Rowan 1997; Loh et al. 2001; van Oppen 
et al. 2001; Chen et al. 2003, 2005a, b; LaJeunesse et al. 2003;). More recently, 52 
species of scleractinian corals investigated from the tropical reefs and subtropical 
non-reef communities in Taiwan also showed Symbiodinium clade C to be the 
dominant zooxanthellae (Chen et al. 2005b ), with some coral species inhabiting 
either the shallow water or the deep edge in deep water hosting Symbiodinium clade 
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D. Therefore Symbiodinium clade C may also represent the dominant zooxanthellae 
associated with dominant corals (e.g. P. acuta) in the subtropical coral communities 
in Hong Kong. Besides, the predominance of clade C in P. acuta colonies of Tung 
Ping Chau is consistent with the molecular phylotyping of the same coral species 
from other localities, i.e. Kat 0 Chau and Chek Chau, in Hong Kong (data not 
shown). This further supports the findings that Symbiodinium clade C is common 
among the Pacific scletactinian corals (van Oppen et al. 2001; LaJeunesse et al. 2003; 
Chen et al. 2005b). However, only one coral species has so far been investigated in 
this study. Population studies of additional coral species need to be done to provide 
more phylogenetic information on the symbiotic algae in the subtropical coral 
communities of Hong Kong. 
Symbiodinium clade C has generally been found to be associated with areas of lower 
irradiance within the coral (colony sides and shaded colony tops) (Rowan et al. 1997) 
or in low-light environments (> 30 m) (Rowan 1998). C 1 zooxanthellae were found 
in the shaded side (i.e. the under surface) within the colony of Acropora tenuis in the 
Great Barrier Reef (van Oppen et al. 2001). It is therefore not surprising to find the 
stable association between P. acuta and Symbiodinium clade C 1 in the present study 
given the relatively high turbidity and low irradiance environment of the study sites. 
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Platygyra acuta colonies experienced no variation in the diversity of their symbionts 
over the course of the study. This stable association is consistent with the patterns 
reported in Caribbean scleractinian corals (Thornhill et al. 2006) and octocorals 
(Goulet & Coffroth 2003). Repetitive sampling of the six scleractinian coral species 
from the Bahamas and the Florida Keys by Thornhill et al. (2006) showed no or little 
change in their dominant symbionts. The temporal and spatial changes in the 
association between the Caribbean octocoral Plexaura kuna and its symbionts 
(zooxanthellae) were monitored up to ten years and a remarkably stable association 
between the zooxanthellae genotype and octocoral colonies was found (Goulet & 
Coffroth 2003 ). A number of hypotheses could be put forward to explain the stable 
association observed in P. acuta colonies in the present study. Firstly, there is a lack 
of zooxanthellae variability in zooxanthellae population, since Symbiodinium clade C 
is the major zooxanthellae associated with scleractinian corals in the Pacific (though 
Symbiodinium clade D can also be found in the Pacific) (van Oppen et al. 2001; 
LaJeunesse et al. 2003; Chen et al. 2005b). The low zooxanthellae diversity in the 
Pacific limits chances of alternative association with other Symbiodinium clades. 
Secondly, the coral-algal combination may be the most preferable given the 
available zooxanthellae genotypes in the environments ( Goulet & Coffroth 2003 ). In 
the case of Acropora millepora in the Great Barrier Reef, the predominant 
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association between the host and Symbiodinium clade C2 shifted to a predominance 
of typeD and to a lesser extent to predominance of clade Cl after bleaching (Jones et 
al. 2008). Thus the association with Symbiodinium clade C 1 may provide increased 
thermal tolerance to some species, just like the D-type symbionts. In P. acuta, the 
association with clade C 1 may confer increased tolerance to environmental 
variability, especially during cold-temperature stress. This association may have 
evolved over a long period of time to reach its present state of stability. Thirdly, the 
environmental variations may not be strong enough to drive selection between 
zooxanthellae clades in corals (Goulet & Coffroth 2003; Thornhill et al. 2006). The 
marine environmental conditions in Hong Kong have not experienced large scale of 
fluctuation, hence are relatively stable, e.g. Hong Kong did not suffer from 
significant temperature anomalies in 1998, when corals in many other localities in 
Southeast and East Asia suffered from extensive bleaching events due to prolonged 
period of high temperature (Goreau et al. 2000; Loya et al. 2001 ). Lastly, the 
resolution of zooxanthellae diversity may be restricted by the genetic markers used in 
this study (Chen et a/2005b ). 
The stable association of symbiont clade C observed in P. acuta contradicts the 
pattern reported by Chen et al. (2005a) for Acropora palifera in Taiwan in which the 
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corals increased the percentage composition of thermal-tolerant clade D symbiont 
type in summer (July), a period with the highest water temperature recorded. 
Symbiodinium clade D was first recognized as a relatively stress-tolerant 
zooxanthella because it IS found In extreme manne environments with high 
fluctuation in temperature, irradiance, salinity, nutrients, or sediment (Toiler et al. 
2001 a). Hence the shuffling from clade C-dominant to clade 0-dominant symbionts 
can be regarded as an adaptation to improve the physiological performance of the 
coral-algal partnership facing seasonal fluctuations in environmental conditions, e.g. 
temperature and irradiance (Chen et al. 2005a). The contradictory results between 
these two studies in the South China Sea region may be a result of different 
methodologies employed. Repetitive sampling of tagged colonies was carried out in 
Chen et al. (2005a) whereas haphazard sampling of different coral colonies was 
employed in the present study. The latter sampling strategy may be insufficient to 
detect changes in coral-algal symbiosis. On the whole, no apparent seasonal 
fluctuation in Symbiodinium compositions in P. acuta in responding to seasonal 
dynamics in environmental factors was detected, indicating that the coral colonies 
might be less likely to respond to environmental shifts by changing to alternate 
lineages of Symbiodinium spp. (Thornhill et al. 2006) 
It should be pointed out that there is an absence of multiple zooxanthellae types or 
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intra-colony zonation of symbiont clades within individual Platygyra acuta colonies 
over the whole seasonal sampling. The top and basal regions of P acuta colonies 
harbored only Symbiodinium clade C 1 throughout the study period, unlike that found 
in Rowan et al. (1997) who investigated the fine-scale patteming of symbiont 
populations within dominant Caribbean corals and showed the corals to be hosting 
multi-species of Symbiodinium following the gradients of environmental irradiance. 
Although landscape-mediated light gradient over colony surface may affect the 
symbiont distribution or symbiont diversity within individual colonies, the 
intra-colony zonation may not necessarily appear in all scleractinian corals (Baker et 
al. 1997; Ulstrup & van Oppen 2003; Frade et al. 2008). Baker et al. (1997) did not 
find individual colonies of Acropora cervicornis to host different taxa of 
zooxanthellae, despite clear patterns of symbiont depth zonation. According to 
Ulstrup and van Oppen (2003), individual colonies of A. tenuis at two sampling 
locations in the Great Barrier Reef harbored C 1 zooxanthellae at sun-exposed parts 
and C2 strain at shaded parts. However, conspecific colonies at two other reefs 
harbored a single strain of zooxanthellae independent of the locations within a single 
colony. This reflected that the within-colony symbiont diversity in A. tenuis was not 
stable and varied depending on sampling locations or the colonies sampled at a given 
location. Strong functional within-colony uniformity in symbiont diversity was also 
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found in Caribbean Madracis corals (Frade et al. 2008). The uniformity of the 
zooxanthellae type and the distribution within individual P. acuta colonies suggests 
that these colonies may not be able to host dynamic communities of symbiont in 
response to changing environments. 
Based on the diving-PAM measurements, the top regions of P. acuta did not receive 
significant higher amount of photosynthetically active radiation (PAR) compared 
with the undersides (basal region) of the colonies (See Chapter Two, Section 2.3. 7.6 
for details). Therefore, the light levels available to zooxanthellae on the upper surface 
of P. acuta colonies may not be high enough to induce the switch to an association 
with thermal-tolerant clades. Besides, the colony uniformity can also be explained by 
the colony size. In Tung Ping Chau, the majority of P. acuta colonies only achieve 
relatively small size ( < 1 m in height). This relatively small colony size provides 
limited spaces for symbiont competition or intra-colony light scattering processes 
within colony surfaces (Frade et al. 2008). 
The lack of intra-colony zonation of symbiont diversity may also be due to the 
limitation of genetic markers used in the study. As discussed by Baker (2003a), 
intra-cladal patterns of depth zonation were more common in some Pacific 
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scleractinian corals (van Oppen et al. 2001; LaJeunesse et al. 2003). In the Great 
Barrier Reef, the light-related patterns of zooxanthellae zonation were found in one 
host species of Acropora, involving two different symbionts (subclades Cl and C2) 
within Symbiodinium clade C (van Oppen et al. 2001). Another study by LaJeunesse 
et al. (2003) identified 23 distinctive Symbiodinium spp. from 86 cnidarian host 
species sampled in southern Great Barrier Reefs, in which 93 % of the host species 
harbour clade C symbiodinium belonging to 20 different subtypes. Hence, there is 
high diversity of clade C subtypes in the Pacific (Baker 2003a; LaJeunesse et al. 
2003). Although nssrDNA and nlsrDNA RFLP would distinguish the broad 
subgenetic group or clades, they are rather conservative for species level distinctions 
and could not fully resolve the phylogenetic relatedness between genetic types within 
each of the major phylogenetic clades (LaJeunesse 2001). To improve the 
phylogenetic resolution within intra-cladal diversity, other rapidly evolving markers 
such as internal transcribed spacer (ITS) was recently used to identify within-clade 
variation, especially in Symbiodinium clade C (LaJeunesse 2001; van Oppen et al. 
2001; Ulstrup & van Oppen 2003; LaJeunesse et al. 2004). Hence, to better resolve 
the seasonal intra-colony zonation of symbionts within highly variable Symbiodinium 
clade C, ITS is a better choice of genetic markers. In addition, direct sequencing and 




This study attempted to investigate the seasonal Symbiodinium compositions within 
individual colonies of Platygyra acuta in Tung Ping Chau. A major finding is that 
Symbiodinium clade C 1 formed a stable association with the coral host throughout 
the sampling period irrespective of its locations (i.e. top or basal regions) within the 
colonies. Preliminary evidence suggests a strong trend for clade C dominance in the 
same species surveyed in other sites in northeastern Hong Kong waters. However, 
the prevalent distribution of this symbiont clade among corals of Hong Kong has not 
been fully examined. Use of other rapidly evolving markers, direct sequencing and 
subsequent phylogenetic analysis should be undertaken to provide firmer conclusions 






















































































































































































































































































































































Figure 3- 2 Restriction fragment length polymorphism patterns derived from Taq 
I digestion of the amplified zooxanthellae nuclear small-subunit 
ribosomal DNA (nssrDNA) gene isolated from colonies of Platygyra 
acuta corals throughout the sampling period. Lane labeled with L in 
the gels is the DNA fragment size standard of a lOObp DNA ladder. 
Lanes 1 and 2 represent the top regions of shallow coral colonies 
sampled in the month indicated. Lanes 3 and 4 represent the shaded I 
basal regions of shallow coral colonies, lanes 5 and 6 the top regions 
of deeper coral colonies and lanes 7 and 8 the shaded I basal regions 
of deeper coral colonies sampled in that same month. 
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Figure 3- 3 
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Restriction fragment length polymorphism patterns derived from Sau 
3A I digestion of the amplified zooxanthellae nuclear small-subunit 
ribosomal DNA (nssrDNA) gene isolated from colonies of Platygyra 
acuta corals throughout the sampling period. Lane labeled with L in 
the gels is the DNA fragment size standard of a 1 OObp DNA ladder. 
Lanes 1 and 2 represent the top regions of shallow coral colonies 
sampled in the month indicated. Lanes 3 and 4 represent the shaded I 
basal regions of shallow coral colonies, lanes 5 and 6 the top regions 
of deeper coral colonies and lanes 7 and 8 the shaded I basal regions 
of deeper coral colonies sampled in that same month. 
Page 260 
Chapter Three 
Figure 3- 4 Restriction fragment length polymorphism patterns derived from Rsa 
I digestion of the amplified zooxanthellae nuclear large-subunit 
ribosomal DNA (nlsrDNA) gene isolated from colonies of Platygyra 
acuta corals throughout the sampling period. Lane labeled with L in 
the gels is the DNA fragment size standard of a lOObp DNA ladder. 
Lanes 1 and 2 represent the top regions of shallow coral colonies 
sampled in the month indicated. Lanes 3 and 4 represent the shaded I 
basal regions of shallow coral .colonies, lanes 5 and 6 the top regions 
of deeper coral colonies and lanes 7 and 8 the shaded I basal regions 
of deeper coral colonies sampled in that same month. 
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Summary and Conclusion 
Chapter Four 
Coral species in Hong Kong waters experience fluctuating environmental conditions 
throughout the year with higher seawater temperature, reduced salinity and higher 
solar irradiance in summer, compared with contrasting colder temperature, low 
rainfall and low light levels in winter. Monitoring coral-algal symbiosis is essential in 
order to understand mechanisms by which scleractinian corals in Hong Kong adapt 
to changing environmental conditions. With the current trend in global climate 
change, it is anticipated that the seawater temperature will continue to rise in the 
coming decades. Hence, the focus of this study was on the effects of seasonal 
changes in environmental factors (mainly seawater temperature, salinity and 
radiation) on coral-algal symbiosis in two dominant Hong Kong corals, Platygyra 
acuta and Porites lutea. Moreover, Restriction Fragment Length Polymorphism 
(RFLP) was also employed to obtain phylogenetic information on Symbiodinium 
associated with P. acuta, to find out the interaction of corals with their associated 
symbionts. 
In this study, the photophysiological parameters (zooxanthellae population densities, 
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algal chlorophyll concentration and photosynthetic efficiency) of Platygyra acuta 
and Porites lutea in A Ye Wan (AYW) and A Ma Wan (AMW) in Tung Ping Chau 
Marine Park were investigated bimonthly over a 21 months period from October 
2006 to June 2008. Seasonal variations in photophysiological parameters 
(zooxanthellae density, chlorophyll concentration and effective quantum yield) in 
these corals were observed. No general yearly cycle in the density of symbiotic 
dinoflagellates in these corals was found, but concentrations of chlorophyll a were 
significantly higher in winter than in summer I early fall. Relatively higher effective 
quantum yield in both species was obtained during summer to fall (June to 
November 2007) and the lowest values were recorded in winter (February 2008). 
Changes in these parameters were probably affected by temporal variations in the 
physical factors of the immediate environment where these corals were found. The 
seawater temperature was negatively correlated with chlorophyll concentrations but 
significantly positively correlated with effective quantum yield. Significant positive 
correlation was detected between salinity and algal density in P. acuta. In addition, 
the chlorophyll concentrations were also positively correlated with salinity. Therefore, 
the cold winter seawater temperature and heavy rainfall in summer were probably the 




Large coral colonies have different micro-environments (e.g. light exposure and 
current) which would cause intra-colony variation in their photophysioloical 
parameters. To address this, comparisons between all measured photophysiological 
parameters within the top and basal regions of Platygyra acuta were carried out 
within the study period from April 2007 to June 2008. In general, there were no 
significant differences in seasonal algal density, chlorophyll pigmentation and 
chlorophyll a to c2 ratio between the two regions within P. acuta colonies in shallow 
water region. However, the basal region of P. acuta colonies at both depths showed 
significantly higher photosynthetic effective quantum yield than the top region, 
indicating that the lower surface of coral colonies appeared to utilize light more 
efficiently. Moreover, the top region of P. acuta exhibited a greater fluctuation in all 
measured parameters (zooxanthellae density, chlorophyll pigmentation, chlorophyll 
ratio, effective quantum yield and PAR) than the basal region within the same colony 
throughout the study period. As the sun-lit surface of the colony receives more 
variable amounts of irradiance, compared with the more consistent levels received by 
the basal region, symbiotic algae in the sunlit region can become photosynthetically 




This study also revealed an important finding that Platygyra acuta and Porites lutea 
performed differently in their photophysiology. P. acuta retained its bright color and 
showed no signs of coral bleaching throughout the whole study period. In contrast, 
there was significant drop in chlorophyll a pigmentation and chlorophyll a to c2 ratio 
in P. lutea, with visual signs of coral bleaching (i.e. loss of color) being most evident 
in winter 2008 when the mean seawater temperature dropped to as low as 14 oc for a 
prolonged period. However, the bleached P. lutea corals regained its symbiotic algae 
and chlorophyll pigmentation, especially its coloration quickly after a few months in 
June 2008. The difference in the responses of the two coral species towards 
environmentally stressful conditions could be explained by higher amount of 
zooxanthellae cells per unit surface area in P. acuta; differential tissue thickness 
between the two coral species with P. acuta having relatively thicker tissues; and the 
profound effect of drifting algae and filamentous algae on comparatively smaller 
colonies of P. lutea. The high resistance of Platygyra acuta and resilience of 
Porites lutea towards environmentally stressful conditions may be the reasons for 
their high coverage in Hong Kong coral communities. 
To fill up the information gap on the distribution and diversity of Symbiodinium in 
corals within the South China Sea region, the seasonal dynamics of Symbiodinium 
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phylotypes in P. acuta were investigated over a 19 month period from October 2006 
to April 2008. Of the 120 zooxanthellae extracts examined, Symbiodinium clade C 1 
was the main type of the symbiont found. This subclade formed a stable association 
with the P. acuta coral host throughout the whole sampling period. In addition, no 
apparent seasonal changes in zooxanthellae diversity at the clade level was detected 
between the top and basal regions within the same hosts, despite a significant 
difference tn their photosynthetic activities. These results supported the earlier 
findings that Symbiodinium clade C is the major clade of zooxanthellae associated 
with scleractinian corals in the Pacific. The stable symbiosis observed in P. acuta 
colonies might be due to a lack of zooxanthellae variability in zooxanthellae 
population in the study sites; increased tolerance of the corals to environmental 
variability with the association of clade C symbionts or the absence of effective 
selection pressure for zooxanthellae clades, given the relative stable environmental 
conditions encountered by the corals. Low resolution of zooxanthellae diversity due 
to restriction imposed by the genetic markers used in the study may also contribute to 




Continuous monitoring of photophysiology of corals In Hong Kong waters is 
important to obtain necessary information on how corals In the sub-tropical 
conditions respond to increasing seawater temperature or other environmental 
extremes resulted from global climate change. In addition, the phylogenetic cladal 
information of the associated symbionts among different coral species in Hong Kong 
waters remains to be fully examined. It is suggested that phylogenetic survey on at 
least the top and most dominant coral species in Hong Kong should be carried out to 
provide a more complete phylogenetic information of these subtropical non-reefal 
coral communities. This will hopefully improve our understanding of the dynamics 
of coral-algal symbiosis and provide a better way to enhance the management 
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